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Abstract 
Nitrate leaching losses and mitigation on dairy winter forage grazing 
systems 
 
by 
Anne-Maree Jane Hill 
Abstract 
Dairy winter forage grazing is a common practice within the Canterbury region of New Zealand. 
However, until recently there was a lack of knowledge about the concentration and amount of 
nitrate-N (NO3
--N) leached from dairy winter forage grazing systems. In addition, there was a 
lack of knowledge around what ammonia oxidising microbes mediated the nitrification process 
in intensively grazed winter forage systems where the soils are usually wet, cold, and anaerobic. 
Furthermore, it was not known whether the nitrification inhibitor dicyandiamide (DCD) or 
biochar could be successful mitigation tools in reducing nitrate (NO3
-) leaching from these 
systems. Thus the objectives of this research were to: 1) quantify the concentration and the 
amount of NO3
--N leached from cow urine patches deposited during dairy winter forage grazing; 
2) quantify the effects of trampling on NO3
- leaching losses under dairy winter forage grazing 
conditions; 3) improve knowledge and understanding of the effectiveness of the mitigation tools 
DCD and biochar, to reduce NO3
--N leaching losses under dairy winter forage grazing conditions; 
and 4) improve knowledge and understanding on the effect of cow urine, animal trampling, DCD, 
and biochar, on the abundance and activity of AOB and AOA under dairy winter forage grazing 
conditions. 
 
Two lysimeter trials were carried out using a Balmoral stony silt loam under a kale forage crop to 
cover these objectives by measuring the NO3
--N leaching losses, the effect of soil trampling, and 
the use of DCD and biochar as mitigation tools. Companion plots were used to measure the soil 
nitrification rates and ammonia oxidising community abundance and activity under dairy winter 
forage grazing conditions. The first trial had a urine application rate of 700 kg N ha-1. However, 
the second trial had a lower urine application rate of 400 kg N ha-1 due to recent research 
identifying a lower urine-N concentration from kale-fed dairy cows. Both lysimeter trials 
identified that the dominant source of NO3
- leaching loss was from the cow urine. The lower 
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application rate of urine (400 kg N ha-1) had significantly lower NO3
--N leaching losses compared 
to urine applied at 700 kg N ha-1. In addition, the first lysimeter trial identified that DCD reduced 
NO3
--N leaching losses by 38% and DCD combined with biochar resulted in a reduction of 46%. 
However, biochar alone did not significantly reduce NO3
--N leaching losses. The second lysimeter 
trial found that trampling the soil reduced NO3
--N leaching losses by 34% (urine only). DCD 
reduced NO3
--N leaching losses by 61% when soil was trampled and by 40% when un-trampled. 
Both companion soil plots showed that ammonia oxidiser communities were affected by the 
application of urine: the AOB amoA gene abundance and AOB amoA transcript abundance 
significantly increased, whereas AOA growth was inhibited. 
 
A companion incubation study was carried out to determine the effect of urine application rates, 
DCD application rates, and biochar presence on nitrification, ammonia oxidising community 
abundance and activity under simulated dairy winter forage grazing conditions. The application 
of urine increased soil nitrification rates. However, there was no difference between the two 
urine application rates. DCD reduced the soil NO3
--N concentration by 86 - 91%. The application 
rate of 20 kg DCD ha-1 had a significantly lower soil NO3
--N concentration compared to the 
application rate of 10 kg DCD ha-1. DCD combined with biochar reduced the soil NO3
--N 
concentration by 86%. However, biochar alone did not affect the soil NO3
--N concentration. The 
AOB amoA gene abundance and AOB amoA transcript abundance significantly increased with 
the application of urine, whereas the AOA growth was suppressed.  
 
 
  
 
 
 
 
 
 
 
 
Keywords: dairy, winter, forage, grazing, urine, trampling, nitrate leaching, nitrification inhibitor, 
DCD, biochar, ammonia oxidising bacteria, ammonia oxidising archaea 
  
v 
 
Acknowledgements 
 
First and foremost I would like to thank my supervisors, Prof. Hong Di and Prof. Keith Cameron, 
firstly for offering me the opportunity to undertake this PhD and secondly for their guidance and 
excellent supervision. I am extremely grateful for the time they have invested in me and the 
knowledge they have generously shared with me. 
 
To Dr Andriy Podolyan, thank you for helping me understand the finer points of the microbial 
components of my PhD. I would have not come away with the understanding and skills I have 
without your patience and clear explanations. 
 
To the CSER technicians: Trevor, Roger, Carole, Steve, Jie, Angela, and Barry. Thank you for your 
technical support in the field, laboratory, and the microbiology laboratory. In particular, I would 
have never managed to dig all of the lysimeters myself and I think I would have gone crazy 
analysing all of the leachate and soil extract samples. An extra special thank you goes to Carole 
for your support and extra help when dad fell ill. 
 
To Dr Barbara Brown, I am grateful of you proof-reading my chapters and providing useful 
feedback. 
 
To Aimee Robinson, a massive thank you for the extreme editing job you did over the last few 
weeks. The edits you suggested only made the thesis stronger. 
 
To Kirsty, Kate, Helen, Emma, and Anna whether you live near or afar I have felt and appreciate 
your support over this time. Whether it was a phone call, a facebook message, or a catch up 
person you have all been there for me and believed in me.  
 
To Coby, thank you for all of your phone calls and visits. Being able to talk to someone close to 
my research topic made the tough times easy. You were always able to put new light on the 
situation and pick up on things I had missed. Thank you for all your advice, kind words, and 
support over this time.  
 
To my family, the love, encouragement, and support has been tremendous. I could not have 
achieved what I have without you backing me from the beginning. Caleb, Anouska, and Briar 
vi 
 
thank you for your unconditional love and support over this journey. Mum and Dad, I would not 
have made it this far without your unconditional love and support. Thank you for everything you 
have done for me over this time, from the air tickets home and the great times at the beach when I 
needed a break to the many phones calls and visits.  
 
Finally to Ben, you have been there through it all, the good times and the bad. You have believed 
in me from the beginning more than I believed in myself. Your unconditional love, 
encouragement, and support have been incredible and I could not have achieved what I have 
without you. I promise to repay you over the next year and provide all the love and support you 
need as you finish your PhD. 
  
vii 
 
Table of Contents 
Abstract ........................................................................................................................................... iii 
Acknowledgements .......................................................................................................................... v 
Table of Contents ........................................................................................................................... vii 
List of Tables ................................................................................................................................... xii 
List of Figures ..................................................................................................................................xiv 
Chapter 1 Introduction ..................................................................................................................... 1 
1.1 Background ............................................................................................................................. 1 
1.2 Objectives ............................................................................................................................... 3 
Chapter 2 Literature Review............................................................................................................. 4 
2.1 Introduction ............................................................................................................................ 4 
2.2 Dairy farming in New Zealand ................................................................................................ 5 
2.2.1 The main dairy farm ........................................................................................................ 6 
2.2.2 Winter forage grazing ...................................................................................................... 7 
2.2.3 Water quality with intensification of agriculture .......................................................... 10 
2.3 Nitrogen in the plant and soil system................................................................................... 12 
2.3.1 Sources of nitrogen ....................................................................................................... 12 
2.3.2 Nitrogen transformations .............................................................................................. 13 
2.4 Nitrification ........................................................................................................................... 14 
2.4.1 The nitrification process ................................................................................................ 14 
2.4.2 Ammonia oxidising microbes ........................................................................................ 15 
2.4.3 Factors affecting the rate of nitrification ...................................................................... 17 
2.5 Nitrate leaching losses .......................................................................................................... 25 
2.5.1 Key factors affecting nitrate losses in dairy systems ..................................................... 25 
2.5.2 Key mechanisms and pathways of nitrate leaching ...................................................... 31 
2.6 Mitigation of nitrate leaching losses .................................................................................... 33 
2.6.1 Mitigation options ......................................................................................................... 33 
2.6.2 Nitrification inhibitors ................................................................................................... 36 
2.6.3 Biochar ........................................................................................................................... 45 
2.7 Conclusions ........................................................................................................................... 48 
2.8 Key hypotheses ..................................................................................................................... 49 
Chapter 3 Materials and Methodology .......................................................................................... 50 
3.1 Soil properties ...................................................................................................................... 50 
viii 
 
3.2 Field studies 2011 ................................................................................................................ 52 
3.2.1 Experimental design ...................................................................................................... 52 
3.2.2 Lysimeter collection and installation ............................................................................ 52 
3.2.3 Soil block collection ....................................................................................................... 54 
3.2.4 Trial setup ..................................................................................................................... 54 
3.2.5 Water input ................................................................................................................... 57 
3.2.6 Leachate collection ....................................................................................................... 57 
3.2.7 Second rotation crop .................................................................................................... 58 
3.2.8 Soil block sampling and extractions .............................................................................. 58 
3.2.9 Chemical analysis .......................................................................................................... 60 
3.2.10 AOB and AOA gene abundance................................................................................... 60 
3.2.11 AOB and AOA gene expression ................................................................................... 63 
3.2.12 Statistical analysis ....................................................................................................... 66 
3.3 Field studies 2012 ................................................................................................................ 66 
3.2.1 Experimental design ...................................................................................................... 66 
3.3.2 Lysimeter collection and installation ............................................................................ 67 
3.3.3 Soil block construction .................................................................................................. 67 
3.3.4 Trial setup ..................................................................................................................... 68 
3.3.5 Water input ................................................................................................................... 69 
3.3.6 Leachate collection ....................................................................................................... 69 
3.3.7 Second rotation crop .................................................................................................... 69 
3.3.8 Soil block sampling and extractions .............................................................................. 70 
3.3.9 Chemical analysis .......................................................................................................... 70 
3.3.10 Soil AOB and AOA gene abundance ............................................................................ 70 
3.3.11 Soil AOB and AOA gene expression ............................................................................ 70 
3.3.12 Statistical analysis ....................................................................................................... 73 
3.4 Incubation study .................................................................................................................. 73 
3.4.1 Experimental design ...................................................................................................... 73 
3.4.2 Trial setup ..................................................................................................................... 74 
3.4.3 Field capacity of the soil ................................................................................................ 76 
3.4.4 Soil extractions .............................................................................................................. 76 
3.4.5 Soil moisture ................................................................................................................. 76 
3.4.6 Chemical analysis .......................................................................................................... 76 
3.4.7 Soil AOB and AOA gene abundance .............................................................................. 76 
ix 
 
3.4.8 Soil AOB and AOA gene expression ............................................................................... 76 
3.4.9 Statistical analysis .......................................................................................................... 77 
Chapter 4 The Effect of Cow Urine, DCD, and Biochar on Nitrate Leaching and Soil Ammonia 
Oxidising Populations under Dairy Winter Forage Grazing Conditions .......................................... 78 
4.1 Introduction .......................................................................................................................... 78 
4.2 Materials and methods ........................................................................................................ 79 
4.2.1 Lysimeter study ............................................................................................................. 79 
4.2.2 Companion soil blocks ................................................................................................... 80 
4.2.3 Statistical analysis .......................................................................................................... 82 
4.3 Results .................................................................................................................................. 82 
4.3.1 Climatic and drainage data ............................................................................................ 82 
4.3.2 Nitrate-N concentration in leachate ............................................................................. 83 
4.3.3 Cumulative nitrate-N leaching losses ............................................................................ 85 
4.3.4 DCD concentration in leachate ...................................................................................... 86 
4.3.5 Cumulative DCD leaching losses .................................................................................... 87 
4.3.6 Soil ammonium-N and nitrate-N concentrations .......................................................... 88 
4.3.7 Soil DCD concentrations ................................................................................................ 90 
4.3.8 Soil AOB and AOA abundance ....................................................................................... 91 
4.3.9 Soil AOB and AOA activity ............................................................................................. 93 
4.4 Discussion ............................................................................................................................. 95 
4.4.1 Nitrate leaching losses ................................................................................................... 95 
4.4.2 The roles AOB and AOA ................................................................................................. 95 
4.4.3 Effect of DCD ................................................................................................................. 96 
4.4.4 The use of biochar ......................................................................................................... 97 
4.5 Conclusions ........................................................................................................................... 98 
Chapter 5 The Effect of Cow Urine, DCD, and Trampling on Nitrate Leaching and Ammonia 
Oxidising Populations under Dairy Winter Forage Grazing Conditions .......................................... 99 
5.1 Introduction .......................................................................................................................... 99 
5.2 Materials and methods ........................................................................................................ 99 
5.2.1 Lysimeter study ............................................................................................................. 99 
5.2.2 Companion soil blocks ................................................................................................. 100 
5.2.3 Statistical analysis ........................................................................................................ 102 
5.3 Results ................................................................................................................................ 102 
5.3.1. Climatic and drainage data ......................................................................................... 102 
x 
 
5.3.2 Nitrate-N concentration in leachate ........................................................................... 103 
5.3.3 Cumulative nitrate-N leaching losses .......................................................................... 107 
5.3.4 DCD concentration in leachate ................................................................................... 108 
5.3.5 Cumulative DCD leaching losses ................................................................................. 109 
3.3.6 Effect on oat growth ................................................................................................... 110 
5.3.7 Soil ammonium-N and nitrate-N concentrations ........................................................ 111 
5.3.8 Soil DCD concentrations .............................................................................................. 115 
5.3.9 Soil AOB and AOA abundance ..................................................................................... 116 
5.3.10 Soil AOB and AOA activity ......................................................................................... 119 
5.4 Discussion ........................................................................................................................... 122 
5.4.1 Nitrate leaching losses ................................................................................................ 122 
5.4.2 The roles AOB and AOA .............................................................................................. 122 
5.4.3 Effect of trampling ...................................................................................................... 123 
5.4.4 Effect of DCD ............................................................................................................... 124 
5.5 Conclusions ........................................................................................................................ 124 
Chapter 6 The Effect of Cow Urine, DCD, and Biochar on Nitrification Rate and Ammonia 
Oxidising Populations under Dairy Winter Forage Grazing Conditions: An Incubation Study .... 126 
6.1 Introduction ....................................................................................................................... 126 
6.2 Materials and methods ...................................................................................................... 126 
6.2.1 Trial setup ................................................................................................................... 126 
6.2.2 Treatment application and sample analysis ............................................................... 127 
6.2.3 Soil AOB and AOA assays ............................................................................................ 127 
6.2.4 Statistical analysis ....................................................................................................... 128 
6.3 Results ................................................................................................................................ 129 
6.3.1 Soil ammonium-N and nitrate-N concentrations ........................................................ 129 
6.3.2 Soil AOB and AOA abundance ..................................................................................... 138 
6.3.3 Soil AOB and AOA activity ........................................................................................... 146 
6.3.4 Relationships between nitrification rates and AOB and AOA populations ................. 149 
6.4 Discussion ........................................................................................................................... 150 
6.4.1 Effect of cow urine application rate ............................................................................ 150 
6.4.2 The roles AOB and AOA .............................................................................................. 151 
6.4.3 Effect of DCD ............................................................................................................... 152 
6.4.4 The use of biochar ....................................................................................................... 153 
6.5 Conclusions ........................................................................................................................ 154 
xi 
 
Chapter 7 Conclusions .................................................................................................................. 155 
7.1 Introduction ........................................................................................................................ 155 
7.1.1 Cow urine application rate .......................................................................................... 155 
7.1.2 The effect of soil treading damage .............................................................................. 155 
7.1.3 The effect of DCD ........................................................................................................ 155 
7.1.4 The effect of biochar ................................................................................................... 156 
7.1.5 The effect of DCD + biochar......................................................................................... 156 
7.1.6 Ammonia oxidising populations .................................................................................. 156 
7.2 Overall conclusions ............................................................................................................. 157 
7.3 Recommendations for future research .............................................................................. 157 
7.3.1 Nitrate leaching losses on winter forage grazing systems .......................................... 157 
7.3.2 Mitigation .................................................................................................................... 158 
References .................................................................................................................................... 159 
 
  
xii 
 
List of Tables 
Table 2.1 Long-term changes in dairy farming in New Zealand (Livestock Improvement 2010). ................ 6 
Table 2.2 The nutrient composition of dairy cow urine (adapted from Safley et al. 1984). ..................... 26 
Table 2.3 The distribution and size of dairy cow urine patches (adapted from Haynes & Williams 1993).
 ....................................................................................................................................................... 27 
Table 2.4 Examples of nitrate-N leaching losses under grazed pasture systems (adapted from Di & 
Cameron 2002b). ............................................................................................................................ 30 
Table 2.5 The use of DCD in pastoral systems to mitigate nitrate-N leaching. ......................................... 41 
Table 2.6 The use of DCD in pastoral systems to mitigate nitrous oxide emissions. ................................ 42 
Table 2.7 The use of DCD in non-pastoral systems to mitigate nitrate-N leaching................................... 42 
Table 3.1 Balmoral stony silt loam soil description (adapted from Webb & Bennett 1986). .................... 51 
Table 3.2 Soil properties of Balmoral stony silt loam 0 - 7.5 cm, September 2011. ................................. 51 
Table 3.3 Treatments applied to the 2011 field studies........................................................................... 52 
Table 3.4 Characteristics of biochar. ....................................................................................................... 56 
Table 3.5 AOB cycling conditions. ........................................................................................................... 61 
Table 3.6 AOA cycling conditions. ........................................................................................................... 62 
Table 3.7 Serial dilutions and concentrations of the AOB and AOA standards. ....................................... 63 
Table 3.8 Treatments applied to the 2012 field studies........................................................................... 67 
Table 3.9 Treatments applied to the soil for the incubation experiment................................................. 74 
Table 4.1 Treatments applied to the soil. ................................................................................................ 80 
Table 4.2 Summary of peak nitrate-N
 
concentrations, total nitrate-N
 
leached, and drainage. ................ 84 
Table 4.3 ANOVA analysis of peak nitrate-N
 
concentrations, total nitrate-N
 
leached, and drainage. ...... 85 
Table 4.4 Companion soil block ammonium-N and nitrate-N results shown with log10 and back 
transformed (BT) means. ................................................................................................................ 89 
Table 4.5 ANOVA analysis of soil ammonium-N and nitrate-N concentrations. ...................................... 89 
Table 4.6 Companion soil block AOB and AOA amoA gene abundance results shown with log10 and back 
transformed (BT) means. ................................................................................................................ 92 
Table 4.7 ANOVA analysis of AOB and AOA amoA gene abundance. ...................................................... 93 
Table 5.1 Treatments applied to the soil. .............................................................................................. 100 
Table 5.2 Summary of peak nitrate-N
 
concentrations, total nitrate-N
 
leached, and drainage. .............. 106 
Table 5.3 ANOVA analysis of peak nitrate-N
 
concentrations, total nitrate-N
 
leached, and drainage. .... 106 
Table 5.4 Summary of total N, total C, C/N ratio, and weight of oat samples........................................ 110 
Table 5.5 ANOVA analysis of total N, total C, C/N ratio, and weight of oat samples. ............................ 110 
Table 5.6 Companion soil block ammonium-N and nitrate-N results shown with log10 and back 
transformed (BT) means. .............................................................................................................. 113 
Table 5.7 ANOVA analysis of soil ammonium-N and nitrate-N concentrations. .................................... 113 
Table 5.8 Companion soil block AOB and AOA amoA gene abundance results shown with log10 and back 
transformed (BT) means. .............................................................................................................. 118 
Table 5.9 ANOVA analysis of AOB and AOA amoA gene abundance. .................................................... 118 
Table 5.10 Companion soil block AOB and AOA amoA transcript abundance results shown with log10 and 
back transformed (BT) means. ...................................................................................................... 121 
Table 5.11 ANOVA analysis of AOB and AOA amoA transcript abundance. ........................................... 121 
Table 6.1 Treatments applied to the soil. .............................................................................................. 127 
Table 6.2 Soil ammonium-N and nitrate-N results shown with log10 and back transformed (BT) means for 
urine and DCD treatments. ........................................................................................................... 133 
Table 6.3 ANOVA analysis significance of 2 x 3 factorial contrasts. ....................................................... 133 
Table 6.4 Soil ammonium-N and nitrate-N results shown with log10 and back transformed (BT) means 
comparing urine applied at 700 kg N ha
-1
, DCD applied at 20 kg ha
-1
, and biochar. ....................... 134 
xiii 
 
Table 6.5 ANOVA analysis significance of 2 x 2 factorial contrasts. ....................................................... 134 
Table 6.6 Ammonium half-lives. ............................................................................................................ 135 
Table 6.7 Mean AOB and AOA amoA gene abundance results shown with log10 and back transformed 
(BT) means for urine and DCD treatments. ................................................................................... 142 
Table 6.8 ANOVA analysis significance of 2 x 3 factorial contrasts. ....................................................... 142 
Table 6.9 Mean AOB and AOA amoA gene abundance results shown with log10 and back transformed 
(BT) means comparing urine applied at 700 kg N ha
-1
, DCD applied at 20 kg ha
-1
, and biochar. .... 143 
Table 6.10 ANOVA analysis significance of 2 x 2 factorial contrasts ...................................................... 143 
Table 6.11 amoA transcript abundance for AOB and AOA shown with log10 and back transformed (BT) 
means for urine and DCD treatments on day 56. .......................................................................... 148 
Table 6.12 ANOVA analysis significance of 2 x 3 factorial contrasts. ..................................................... 148 
Table 6.13 amoA transcript abundance for AOB and AOA shown with log10 and back transformed (BT) 
means on day 56 comparing urine applied at 700 kg N ha
-1
, DCD applied at 20 kg DCD ha
-1
, and 
biochar. ........................................................................................................................................ 149 
Table 6.14 ANOVA analysis significance of 2 x 2 factorial contrasts. ..................................................... 149 
 
  
xiv 
 
List of Figures 
Figure 2.1 The nitrogen cycle (McLaren & Cameron 1996). ....................................................................... 5 
Figure 2.2 New Zealand dairy farming calendar. ....................................................................................... 7 
Figure 2.3 Treading damage on a winter forage grazing system. ............................................................... 8 
Figure 2.4 Oxidation of ammonia and electron flow in ammonia oxidising bacteria (Madigan & Martinko 
2006). ............................................................................................................................................. 15 
Figure 2.5 The relationship between the percentage of nitrification in nitrogen fertiliser versus soil pH 
(adapted from Kyveryga et al. 2004). ............................................................................................. 18 
Figure 2.6 Effect of temperature on nitrification of added ammonium to a tropical soil. Vertical lines 
represent the standard error (adapted from Myers 1975). ............................................................. 19 
Figure 2.7 Estimated maximum specific nitrification rates in a temperate agricultural soil. Bars indicate 
confidence intervals (α = 0.05) for each estimated value (adapted from Grundmann et al. 1995). . 20 
Figure 2.8 The relationship between net nitrification and soil moisture content in an age series of alder-
cardamon agroforestry stands. Values are means of three site replicates (adapted from Sharma et 
al. 2009). ........................................................................................................................................ 21 
Figure 2.9 Relationships between the amount of nitrate produced and ammonia oxidiser populations. 
(a), Relationship between AOB amoA gene copy numbers and nitrate concentration in the soil. (b), 
Relationship between AOA amoA gene copy numbers and nitrate concentration in the soil. The 
AOB and AOA gene copy numbers and the nitrate concentration in the soil are those after 49 days 
of incubation when the AOB population abundance peaked (Di et al. 2009b). ............................... 23 
Figure 2.10 Change in nitrogen fertiliser use between 1985 and 2004 (adapted from Ministry for the 
Environmental 2007). ..................................................................................................................... 29 
Figure 2.11 Effect of the nitrification inhibitor DCD on nitrate leaching losses from urine and urea 
treated lysimeters. Vertical bars are the standard errors of the mean (Di & Cameron 2004a). ....... 40 
Figure 2.12 Relationship between the half-life (t1/2, d) of DCD mixed into soil samples, incubated under 
controlled conditions, and the corresponding temperature (T 
o
C) (adapted from Kelliher et al. 
2008). ............................................................................................................................................. 44 
Figure 3.1 Profile of Balmoral stony silt loam. ......................................................................................... 50 
Figure 3.2 Lysimeter collection (a) digging around the outside of lysimeters; (b) cutting the soil monolith 
off at the base; (c) the pouring of petroleum jelly; and (d) transporting of lysimeters.................... 53 
Figure 3.3 Lysimeter installation. ............................................................................................................ 54 
Figure 3.4 Kale growing in lysimeters and a soil block. ............................................................................ 55 
Figure 3.5 Preparing the lysimeters for treatment application. Left: kale removal. Right: trampling of the 
soil.................................................................................................................................................. 56 
Figure 3.6 Treatment application. Left: urine application. Right: DCD application. ................................. 57 
Figure 3.7 Leachate collection from the lysimeters. ................................................................................ 57 
Figure 3.8 Soil core collection. ................................................................................................................ 58 
Figure 3.9 Soil extractions. Left: weighing out soil and Right: filtering samples for a KCl extraction. ...... 59 
Figure 3.10 Construction of soil blocks. ................................................................................................... 68 
Figure 3.11 Kale growing before the start of trial. Left: field blocks. Right: lysimeters. ........................... 68 
Figure 3.12 Pottles in the incubator. ....................................................................................................... 75 
Figure 4.1 Daily average air temperatures for the trial period. ............................................................... 82 
Figure 4.2 Cumulative water inputs and drainage for the trial period. .................................................... 83 
Figure 4.3 Nitrate-N concentration in drainage water as affected by applications of cow urine-N, DCD, 
and biochar. The error bars represent standard error of the mean. ............................................... 84 
Figure 4.4 Cumulative nitrate-N leached water as affected by applications of cow urine-N, DCD, and 
biochar. The error bars represent standard error of the mean. ...................................................... 86 
xv 
 
Figure 4.5 Change in DCD concentrations in drainage water. The error bars represent standard error of 
the mean. ....................................................................................................................................... 87 
Figure 4.6 Cumulative DCD leached. The error bars represent standard error of the mean..................... 87 
Figure 4.7 Ammonium-N concentrations in the soil as affected by applications of cow urine-N, DCD, and 
biochar. The error bars indicate the standard error of the mean. ................................................... 88 
Figure 4.8 Nitrate-N concentrations in the soil as affected by applications of cow urine-N, DCD, and 
biochar. The error bars indicate the standard error of the mean. ................................................... 90 
Figure 4.9 Change in DCD concentrations. The error bars indicate the standard error of the mean. ....... 91 
Figure 4.10 AOB amoA gene abundance in the soil as affected by applications of cow urine-N, DCD, and 
biochar. The error bars indicate the standard error of the mean. ................................................... 92 
Figure 4.11 AOA amoA gene abundance in the soil as affected by applications of cow urine-N, DCD, and 
biochar. The error bars indicate the standard error of the mean. ................................................... 93 
Figure 4.12 amoA transcript abundance of the (a) AOB and (b) AOA populations in the soil as affected by 
applications of cow urine-N, DCD, and biochar after 52 days. The error bars indicate the standard 
error of the mean. .......................................................................................................................... 94 
Figure 5.1 Daily average air temperatures for the trial period. ............................................................. 103 
Figure 5.2 Cumulative water inputs and drainage for the trial period. .................................................. 103 
Figure 5.3 Nitrate-N concentrations in drainage water as affected by applications of cow urine-N, DCD, 
and trampling. (a) In the presence of animal trampling (b) no animal trampling. The error bars 
represent standard errors of the mean. ........................................................................................ 105 
Figure 5.4 Cumulative nitrate-N leached as affected by cow urine-N, DCD, and soil trampling. (a) 
Trampled (b) un-trampled. The error bars represent standard errors of the mean. ...................... 108 
Figure 5.5 Change in DCD concentrations in drainage water. Comparing the effect of trampling vs. no 
trampling. The error bars represent standard errors of the mean. ............................................... 109 
Figure 5.6 Cumulative DCD leached. Comparing the effect of trampling vs. no trampling. The error bars 
represent standard errors of the mean. ........................................................................................ 109 
Figure 5.7 Ammonium-N concentrations in the soil as affected by applications of cow urine-N, DCD, and 
trampling. (a) In the presence of animal trampling (b) no animal trampling. The error bars 
represent standard errors of the mean. ........................................................................................ 112 
Figure 5.8 Nitrate-N concentrations in the soil as affected by applications of cow urine-N, DCD, and 
trampling. (a) In the presence of animal trampling (b) no animal trampling. The error bars 
represent standard errors of the mean. ........................................................................................ 115 
Figure 5.9 DCD concentrations in the soil as affected by application of cow urine-N, DCD, and soil 
trampling. The error bars represent standard errors of the mean. ............................................... 116 
Figure 5.10 AOB gene copy amoA abundance in the soil as affected by applications of cow urine-N, DCD, 
and trampling. (a) In the presence of animal trampling (b) no animal trampling. The error bars 
represent standard errors of the mean. ........................................................................................ 117 
Figure 5.11 AOA amoA abundance in the soil as affected by applications of cow urine-N, DCD, and 
trampling. (a) In the presence of animal trampling (b) no animal trampling. The error bars 
represent standard errors of the mean. ........................................................................................ 119 
Figure 5.12 AOB amoA transcript abundance in the soil as affected by application of cow urine-N, DCD, 
and soil trampling at day 37. The error bars represent standard errors of the mean. ................... 120 
Figure 5.13 AOA amoA transcript abundance in the soil as affected by application of cow urine-N, DCD, 
and soil trampling on day 37. The error bars represent standard errors of the mean. .................. 122 
Figure 6.1 Ammonium-N concentrations in the soil treated with 500 kg N ha
-1
 and 700 kg N ha
-1
 of cow 
urine-N. The error bars indicate the standard error of the mean. ................................................. 129 
Figure 6.2 Ammonium-N concentrations in the soil treated with (a) 500 kg N ha
-1
 of cow urine-N and two 
different DCD concentrations and (b) 700 kg N ha
-1
 of cow urine-N and two different DCD 
concentrations. The error bars indicate the standard error of the mean. ..................................... 131 
xvi 
 
Figure 6.3 Ammonium-N concentrations in the soil treated with 700 kg N ha
-1
 cow urine-N, DCD applied 
at 20 kg DCD ha
-1
, and biochar. The error bars indicate the standard error of the mean. ............. 132 
Figure 6.4 Nitrate-N concentrations in the soil treated with 500 kg N ha
-1
 and 700 kg N ha
-1
 of cow urine-
N. The error bars indicate the standard error of the mean. .......................................................... 136 
Figure 6.5 Nitrate-N concentrations in the soil treated with (a) 500 kg N ha
-1
 of cow urine-N and two 
different DCD rates and (b) 700 kg N ha
-1
 of cow urine-N and two different DCD rates. The error 
bars indicate the standard error of the mean. .............................................................................. 137 
Figure 6.6 Nitrate-N concentrations in the soil treated with 700 kg N ha
-1
 cow urine-N, DCD applied at 20 
kg DCD ha
-1
, and biochar. The error bars indicate the standard error of the mean. ...................... 138 
Figure 6.7 The AOB abundance in the soil treated with 500 kg N ha
-1
 and 700 kg N ha
-1
 of cow urine-N. 
The error bars indicate the standard error of the mean. .............................................................. 139 
Figure 6.8 The AOB abundance in the soil treated with (a) 500 kg N ha
-1
 of cow urine-N and two different 
DCD concentrations and (b) 700 kg N ha
-1
 of cow urine-N and two different DCD concentrations. 
The error bars indicate the standard error of the mean. .............................................................. 140 
Figure 6.9 The AOB abundance in the soil treated with 700 kg N ha
-1
 cow urine-N, DCD applied at 20 kg 
DCD ha
-1
, and biochar. The error bars indicate the standard error of the mean. ........................... 141 
Figure 6.10 The AOA abundance in the soil treated with 500 kg N ha
-1
 and 700 kg N ha
-1
 of cow urine-N. 
The error bars indicate the standard error of the mean. .............................................................. 144 
Figure 6.11 The AOA abundance in the soil treated with (a) 500 kg N ha
-1
 of cow urine-N and two 
different DCD concentrations and (b) 700 kg N ha
-1
 of cow urine-N and two different DCD 
concentrations. The error bars indicate the standard error of the mean. ..................................... 145 
Figure 6.12 The AOA abundance in the soil treated with 700 kg N ha
-1
 cow urine-N, DCD applied at 20 kg 
DCD ha
-1
, and biochar. The error bars indicate the standard error of the mean. ........................... 146 
Figure 6.13 amoA transcript abundance of ammonia oxidising population in the soil as affected by 
applications of cow urine-N, DCD, and biochar on day 56 of incubation (a) AOB (b) AOA. The error 
bars indicate the standard error of the mean. .............................................................................. 147 
Figure 6.14 Relationships between the amount of NO3
-
-N produced and (a) AOB and (b) AOA amoA gene 
copy numbers after 56 days of an incubation study (when treatment effects were at their 
maximum in a majority of the treatments)................................................................................... 150 
 
1 
 
Chapter 1 Introduction 
 
1.1 Background 
The microbial process of nitrification plays a key role within the plant/soil system. The presence 
of nitrate (NO3
-) in the soil occurs predominantly through the nitrification process converting 
ammonium (NH4
+) to NO3
- via nitrite (NO2
-). A key issue associated with NO3
- is that it is weakly 
held in the soil due to it being negatively charged resulting in it being easily lost from the soil 
(NO3
- leaching). This leads to a number of environmental and ecological consequences e.g. 
ground and surface water quality degradation through eutrophication and potential human 
health issues (Hooda et al. 2000; Di & Cameron 2002b; Powlson et al. 2008). 
 
Animal urine depositions have been identified as the main cause of the loss of NO3
- in the grazed 
pasture systems. A single dairy cow urine patch is a highly concentrated area of nitrogen (N) 
containing 700 - 1400 kg N ha-1 (Haynes & Williams 1993; Eckard 2006). The high N 
concentration occurs due to dairy cows partitioning 70 - 90% of ingested N into urine (Di & 
Cameron 2002c).   
 
Current literature quantifies nitrate-N (NO3
--N) leaching losses occurring under urine patches in 
grazed pasture systems. Di et al. (2009a) have shown that up to 457 kg NO3
--N ha-1 can be lost 
from a single urine patch over the winter period, when pasture growth rates are slow and there 
is low evapotranspiration. However, there is very little information on the concentration and 
amount of NO3
--N leached under urine patches on dairy winter forage grazing systems. It is likely 
that high leaching losses could also occur from dairy winter forage grazing systems because they 
have high stocking rates and are located on free-draining soils that are wet, cold, and draining 
during the winter period. In addition, there is no plant coverage to take up the N from the soil. 
Dairy winter forage grazing systems are an important part of dairy farming because dairy 
farmers use them during the winter period to build pasture cover and prevent treading damage 
on the main dairy farm. Thus, quantifying NO3
--N leaching losses from dairy winter forage 
grazing systems is important.    
 
Severe treading damage can occur during dairy winter forage grazing, subsequently impacting a 
number of different soil physical properties which are important for soil water movement. These 
include: soil porosity, infiltration rates, hydraulic conductivity, and air permeability (Mulholland 
& Fullen 1991; Singleton et al. 2000; Drewry et al. 2008; Ball et al. 2012). There is also an 
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important relationship between soil structure, soil aeration, and soil microorganism respiration. 
Currently, there is very little information available on the effect of treading damage on NO3
- 
losses from dairy winter forage grazing. 
 
With NO3
- having a significant impact on the environment, measures need to be put in place to 
help reduce both the environmental and ecological impacts that result from NO3
- leaching. A 
number of mitigation tools and best management practices have been developed to help 
farmers reduce their environmental footprint. One key mitigation tool is the nitrification 
inhibitor dicyandiamide (DCD). By adding DCD to a soil, it can lead to a 42 - 76% reduction in the 
amount of NO3
--N being leached from the soil profile (Di & Cameron 2002b). DCD works by 
inhibiting the ammonia monooxygenase (AMO) enzyme located within ammonia oxidisers, 
resulting in the microbes being unable to access ammonia (NH3). Consequently, nitrification 
cannot proceed. A second potential mitigation tool is biochar which is a black carbon (C)-rich 
product (Lehmann & Joseph 2009). Unlike DCD, the effectiveness and economic viability of 
biochar is relatively unknown. However, it has been suggested that biochar has the potential to 
reduce NO3
- accumulation within the soil because it adsorbs NH4
+ and NH3 from the soil solution 
making it unavailable for nitrification (Steiner et al. 2008). 
 
Ammonia oxidising bacteria (AOB) and ammonia oxidising archaea (AOA) mediate the first step 
of nitrification, known as ammonia oxidation i.e. the conversion of NH4
+ to NO2
-. The second step 
of the nitrification, the conversion of NO2
- to NO3
- is carried out by nitrite oxidising bacteria 
(NOB). However, ammonia oxidisers are of most importance because they mediate the rate-
limiting step of NO3
- production. It is presently known that ammonia oxidisation can either be 
mediated by AOB or AOA (Kowalchuk & Stephen 2001; Francis et al. 2005; Konneke et al. 2005; 
Leininger et al. 2006; Tourna et al. 2011), with AOA being the most abundant ammonia oxidisers 
in soil ecosystems with low N levels (Leininger et al. 2006; He et al. 2007; Shen et al. 2008). 
However, recent research has shown that AOB mediates the nitrification process under highly 
fertile soil conditions (Di et al. 2009b), while AOA mediates nitrification under more extreme 
conditions e.g. extreme salinity, pH, and low fertility (Valentine 2007). Despite the importance of 
the nitrification process within pastoral farming systems and NO3
- leaching, it is currently unclear 
if nitrification is driven by AOB or AOA under dairy winter forage grazing conditions. 
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1.2 Objectives 
 To quantify the concentration and the amount of NO3
--N leached from cow urine 
patches deposited during dairy winter forage grazing;  
 To quantify the effects of trampling on NO3
- leaching losses under dairy winter forage 
grazing conditions;  
 To improve knowledge and understanding of the effectiveness of the mitigation tools 
DCD and biochar to reduce NO3
--N leaching losses under dairy winter forage grazing 
conditions; and   
 To improve knowledge and understanding on the effect of cow urine, animal 
trampling, DCD, and biochar, on the abundance and activity of AOB and AOA under 
dairy winter forage grazing conditions. 
4 
 
Chapter 2 Literature Review 
 
2.1 Introduction 
Nitrogen is essential for life - being a component of the building blocks for all living organisms. 
These building blocks: amino acids, proteins, and nucleic acids, are essential to many processes 
that occur within animals, plants, and microorganisms. Of the earth’s total N supplies, 97.8% is 
unavailable to organisms due to it being locked up in the earth’s lithosphere. Atmospheric 
nitrogen (N2) represents only a small percentage of the earth’s total N supplies at 2%. Despite 
this, N2 has a high presence in the air at 79%. Nitrification, the production of NO3
-, is a key 
process within the N cycle (Figure 2.1), however it has major environmental implications. The 
nitrification process regularly results in water quality degradation as the result of NO3
- being 
leached from the soil into waterways. Subsequently, NO3
- levels increase in waterways, often 
causing eutrophication - a condition associated with high levels of accumulated nutrients (e.g. 
NO3
-) in surface water bodies (Smith et al. 1999). This leads to a number of changes including: 
the growth of algae, cyanobacteria, toxic periphyton, and aquatic plants such as macrophytes. 
Consequently, oxygen levels, clarity, levels of light, and the biodiversity all reduce in affected 
water bodies (Elliott & de Jonge 2002; Diaz & Rosenberg 2008; Wright 2012). Concentrations of 
NO3
- can also increase to levels that are toxic to aquatic organisms (Elliott & de Jonge 2002; Diaz 
& Rosenberg 2008) and elevated NO3
- levels can make drinking water supplies undrinkable 
(Wright 2012). In addition to the loss of biodiversity in the water body, amenities and services 
provided by a water system can also be lost (Carpenter et al. 1998b). Ultimately, these changes 
can result in significant negative social and economic effects (Carpenter et al. 1998a).   
 
In New Zealand, scientists are leading the research on nitrification in agricultural soils and the 
effect it has on N efficiency and losses. New Zealand agriculture is predominantly pastoral where 
animals graze outdoors on pastures all year round. This causes concern around the 
environmental implications of farming because, in grazing systems, a high proportion of N that is 
consumed by the grazing animal is returned to the pasture in localised patches in the form of 
excreta, particularly urine (Di & Cameron 2002c). This leads to the N loading rate under urine 
patches being much greater than plant requirement for growth. The excess N has the potential 
to be lost as NO3
- through leaching.  
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Figure 2.1 The nitrogen cycle (McLaren & Cameron 1996). 
 
2.2 Dairy farming in New Zealand 
Dairy farming is a vital part of New Zealand’s society and economy, contributing 26% of New 
Zealand’s total export goods in 2010 which accounted for 2.8% of New Zealand’s GDP (Shchilling 
et al. 2010). In 2012 $14.6 billion was earned from New Zealand dairy exports alone (New 
Zealand Government 2013). Over the past 20 years, the demand for New Zealand’s milk and 
dairy products has increased. Between 2000 and 2010 dairy exports grew by more than 8% 
(Shchilling et al. 2010). This growth in the dairy industry has been driven by both strong global 
incomes and changes in the composition of the markets that New Zealand sells to. From the 
1980/81 season to the 2009/10 season, milk production increased by 64.5% and cow numbers 
have increased accordingly (Table 2.1). 
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Table 2.1 Long-term changes in dairy farming in New Zealand (Livestock Improvement 2010). 
 1980/81 1989/90 1999/00 2009/10 
Dairy cow numbers (million) 2.0 2.3 3.3 4.4 
Milk processed (million L) 5,868 6,868 11,630 16,483 
Milk solids processed (million) 491 572 981 1,438 
Average herd size 126 159 236 376 
Number of herds 16,089 14,595 13,861 11,691 
 
2.2.1 The main dairy farm 
Dairy farming in New Zealand is largely pastoral based, with supplementary feeds representing 
only a small portion (up to 10%) of the cow’s diet (Beukes et al. 2010). It is largely based around 
the seasons, with dairy cows spending a large majority of time on the milking platform. The 
milking platform is the main dairy farm which varies in size depending on the region and cow 
numbers. The Canterbury region of the South Island is a non-traditional dairy farming region. 
Dairy farms in Canterbury tend to have large milking platforms that heavily rely on irrigation in 
the summer time for grass production due to the dry conditions. In contrast, traditional dairy 
farming regions have farms that are smaller in size and have climatic conditions which lead to 
reliable grass growth throughout the year.  
 
In New Zealand, the dairy farming cycle encompasses an entire year. For a typical dairy farm at 
the start of a new season (1st of June) the cows are dry and in calf, waiting to give birth (Figure 
2.2). Calving occurs during late winter/early spring in a compact calving period of approximately 
ten weeks. The cows require a large amount of feed during this time to meet with the high 
demands of milk production. As it is early spring, pasture growth rates are high, thus matching 
the cows’ feed requirements. This results in the greatest milk production for the season during 
this time. Dairy cows lactate for eight to nine months. During this time they continue to require 
large amounts of feed which is predominantly fresh pasture; supplementary feeds are used to 
top up feed demand. Supplementary feeds include: maize, hay, silage, and summer brassica 
crops. Depending on the feed supplies, lactating cows are milked until mid to late autumn when 
they are dried off to prepare for the next calving.  
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Figure 2.2 New Zealand dairy farming calendar. 
 
2.2.2 Winter forage grazing  
During the winter period the cows are dry and are preparing for the new season. This two to 
three month period can significantly affect the season’s production if not managed correctly. 
With wet and cold conditions pasture growth rates are slow and NO3
- leaching and soil treading 
damage can occur. Farmers can reduce the negative impacts on the soil/pasture system during 
the winter period by winter grazing on a forage crop. This is popular in the Canterbury region 
and often occurs on small off-farm support blocks. Off-farm grazing during the winter period 
allows the main dairy farm to build pasture cover resulting in large amounts of feed being 
available when the herd returns. However, treading damage (Figure 2.3) commonly occurs 
during winter forage grazing due to greater stocking rates. In addition, support blocks tend to 
have more freely draining soil compared to the main farm, with the potential for significant 
amounts of NO3
- to be lost from the soil profile. 
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Figure 2.3 Treading damage on a winter forage grazing system. 
 
Winter grazing a mature forage crop occurs through strip grazing over six to eight week period. 
The paddock is split into daily breaks using temporary fencing. Each day the cows are fed a new 
break and are not fenced from behind. This allows the stock to move over the area of the 
paddock that has already been grazed. 
 
Key differences between grazing on the main dairy farm and grazing on an off-farm winter 
forage grazing crop are: the cows are not removed from the area for the entire period, a large 
number of cows are kept in a small area (greater grazing density), and there are different 
concentrations of N in the cows’ urine because of the different feeds. As a result of different 
crude protein concentrations, urine that comes from a medium height kale feed is around 400 kg 
N ha-1 (Rugoho 2013) compared to 1000 kg N ha-1 for a perennial ryegrass and white clover 
pasture (Lolium perenne L. and Trifolium repens L.) (Haynes & Williams 1993; Di & Cameron 
2002c). Given this, a gap in current knowledge exists over the concentration and amount of   
NO3
--N leached from a dairy winter forage grazing system. 
 
Treading damage is caused by surplus rainfall/irrigation and cattle movement. Treading damage 
occurs in the form of soil compaction, pugging, or poaching (Bilotta et al. 2007). Soil compaction 
compresses the air filled pores within the soil reducing the amount of air present. Compaction 
will commonly occur when the soil is in a friable or plastic state (the soil moisture content is low 
to medium). This is compared to pugging which occurs when the soil moisture content is greater 
than the plastic limit. Pugging of the soil will occur when the animal’s load exceeds a soil bearing 
capacity resulting in the soil being deformed and remoulded (Bilotta et al. 2007; Drewry et al. 
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2008). Of most concern during the winter period is soil poaching which occurs in extremely wet 
conditions where the soil has become saturated (Mulholland & Fullen 1991). Poaching results in 
the breakdown of soil aggregates and the rearrangement of soil particles at the soil surface 
(Bilotta et al. 2007). In soils where poaching has occurred, the formation of a surface-pan can 
make the soil more susceptible to surface ponding (Bilotta et al. 2007). 
 
Treading damage impacts on different soil physical properties including: bulk density, soil 
porosity, air permeability, infiltration rates, and hydraulic conductivity (Singleton et al. 2000; 
Drewry & Paton 2005; Menneer et al. 2005; Bilotta et al. 2007; Drewry et al. 2008; Ball et al. 
2012). These properties are all important in maintaining environmental quality and plant 
growth. Drewry et al. (2008) reported that soil physical damage had a negative effect on pasture 
production due to the decrease in macroporosity of the soil. It has been found that, high 
stocking rates in wet conditions reduces the surface soil macroporosity by 10 - 40% (Singleton et 
al. 2000; Drewry et al. 2008). The reduction in soil porosity also has an effect on the infiltration 
rate. Mulholland and Fullen (1991) reported an overall reduction of 98.5% in infiltration rate as a 
result of treading damage. However, infiltration rates are most severely affected by the initial 
treading damage with an 87.5% reduction in infiltration rates. A second study where cattle were 
intensively grazed on wet soils showed a 50 - 90% reduction in soil hydraulic conductivity. Once 
again, a greater reduction resulted in soils that had previously been damaged (Singleton et al. 
2000).    
 
Houlbrooke et al. (2011) reported that treading damage had implications on pasture production, 
soil hydrology, and nutrient movement because the macropore space becomes reduced and 
discontinuous, thus limiting drainage and soil aeration. When soil aeration is limited, oxygen is 
depleted causing the soil redox potential to shift from oxidative to reductive conditions. 
Nitrification is reduced under oxygen limiting conditions because it is an aerobic process (Ball et 
al. 2008), thus the production of NO3
- is limited and subsequently NO3
- leaching is reduced. In 
contrast, denitrification rates are increased due to the anaerobic soil conditions thus increasing 
nitrous oxide (N2O) emissions (Hansen et al. 1993). 
 
The above indicates that the impact of treading damage in dairy winter forage grazing systems 
on NO3
- losses is not yet understood. Supplementary to this, more research is required on the 
impact of reduced soil aeration - as a result of treading damage - on ammonia oxidiser 
populations and nitrification rates within soil. 
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2.2.3 Water quality with intensification of agriculture  
Water pollution can arise from a number of different terrestrial and marine industries. In rural 
regions the degree of pollution is dependent on land use but can vary with: stock type, fertiliser 
usage, pesticides and herbicides usage, and soil erosion. For many of America’s waterways there 
is too much N, phosphorus (P), and sediments present in ecosystems for the environment to 
remain healthy (United States Environmental Protection Agency 2009). Within the European 
Union (EU), almost 50% of the land is covered by farmland (European Commission 2010). 
Consequently, agriculture is a major source of water quality related issues. Within New Zealand, 
a country that is primary industry focused, the concerns with water quality are based around the 
agricultural sector. As land use changed from native and exotic forests to farmland the risk of 
water contamination increased (Wright 2012). Thus, rivers in urban and rural areas generally 
have poorer water quality compared to rivers in native forests (Unwin et al. 2010).  
 
Once pollutants are trapped within a water body, options for removal are very limited and are 
likely to be expensive. Rural waterways are continuing to decrease in quality as land use is 
intensifies (Ministry for the Environment 2009). By modelling New Zealand’s water quality it has 
been determined that 57% of lowland rivers exceed the New Zealand water quality guideline 
value for total N and 54% of lowland rivers exceed the New Zealand water quality guideline 
value for P (Unwin et al. 2010).  
 
2.2.3.1 Contribution from dairy grazed pastures and winter grazing  
Dairy farming has significantly intensified within New Zealand. Table 2.1 shows that dairy cow 
numbers have increased from 2.0 million for the 1980/81 season to 4.4 million for 2009/10 
season. With more cows present there is now a greater risk of water quality degradation, 
primarily due to a greater number of animal urine depositions onto the land. However, 
nutrients, sediments, and pathogenic organism lost from farming systems all cause water 
degradation (Wright 2012).  
 
Nitrogen and P are the two key nutrients related to reduced water quality and aquatic 
eutrophication (Ongley 1996; Yang et al. 2008). Nitrogen is predominantly lost through NO3
- 
leaching (Di & Cameron 2002c), while P is lost through surface runoff (Nash & Halliwell 2000). 
Surface runoff erodes sediments from the land, picking up and carrying nutrients, organic 
matter, pathogens, and toxins, transporting them into a water body. The build up of sediments 
impacts a waterway by reducing water clarity and by smothering the bottom of surface 
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waterways (including plants and animals). In New Zealand, grazing livestock are considered to be 
the dominant source of faecal contamination, predominantly through direct deposition into 
waterways (Collins et al. 2007). The concentration of pathogenic organisms within a waterway 
can cause a number of human and animal health risks which inevitably lead to waterways being 
deemed unsuitable for human and animal drinking water as well as recreational uses.  
 
2.2.3.2 Legislation 
In 1991, the New Zealand Government passed the Resource Management Act 1991 (RMA), 
resulting in water becoming protected. The framework for using water, managing its quality, and 
balancing the needs of different groups (who affect or use water), is all covered by the RMA. In 
2001, a National Policy Statement for Freshwater Management was released. This statement 
outlines the objectives and policies for freshwater management under the RMA 1991. However, 
it was not until 2011 that an implementation guide to support the National Policy Statement for 
Freshwater Management was released by the Ministry for the Environment, providing local 
authorities with commentary and considerations for responding to, and giving effect to, the 
policy (Ministry for the Environment 2011). In March 2013, the New Zealand Government 
proposed a series of reforms in the paper ‘Freshwater reform 2013 and beyond’ (Ministry for the 
Environment 2013). This reform sets a regulated national objective framework which covers 
both quality and quantity aspects of water management (Ministry for the Environment 2013).  
 
It is a requirement of regional councils to monitor and manage water quality within New Zealand 
(Wright 2012). Section 65 of the RMA allows regional councils to prepare a regional plan at any 
time. A regional plan outlines a number of circumstances in which any use of land or water has 
actual or potential adverse effects on water quality. In the absence of a regional plan, water 
quality is managed through the consideration of discharge consent applications which are 
processed on a case - by - case basis. This is because Section 15 of RMA restricts any person from 
discharging contaminants or water into a waterway without it being ruled in a regional plan, 
resource consent, or regulation (New Zealand Government 1991; Wright 2012). 
 
Farmers are under pressure  from regional councils, industry and environmental groups, and the 
public to minimise nutrient losses. The above will impact farmers because the regional councils 
of New Zealand are currently developing policies and standards that will set limits on nutrient, 
sediment, and pathogenic organism loss from a farm. This will lead to dairy farming practices in 
catchment sensitive areas having to change to be able to meet the new policies and standards. 
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2.3 Nitrogen in the plant and soil system 
Nitrogen is a key nutrient within the plant/soil system. With the aid of the N cycle (Figure 2.1), 
plant unavailable N can be made available to plants. The amount of N a plant requires varies 
between agricultural crops, from 40 kg N ha-1 for rice, to 300 kg N ha-1 for ryegrass, to 500 kg N 
ha-1 for lucerne (McLaren & Cameron 1996).  
 
2.3.1 Sources of nitrogen 
Atmospheric N is the main source of N for the N cycle. This form of N is unavailable to plants but 
can become available through N fixation. N fixation is the biological process where Rhizobium 
bacteria converts N2 to NH3 through a symbiotic relationship with legumes (Equation 2.1). 
 
                          
                                     Equation 2.1 
Nitrogenase enzyme 
 
The Rhizobium bacteria form root nodules on the roots of legumes. Thus as the result of the 
symbiotic relationship, the legume provides carbohydrates for energy and the bacteria supplies 
the legume with NH3 (plant available N). However, other plants can take advantage of this newly 
available NH3. Depending on the legume, Rhizobium bacteria are capable of fixing between 100 - 
600 kg N ha-1 yr-1 (Evans & Barber 1977). The amount of N fixed can be substantial, however it is 
dependent on environmental conditions such as temperature, moisture, pH, and nutrient 
availability (McLaren & Cameron 1996). Thus synthetic N fertilisers are frequently applied to 
soils to meet pasture and crops nutrient demands. Nitrogen fertilisers can either be applied in a 
readily available form or as a slow release fertiliser.    
 
Naturally present organic matter in the soil is another major source of N used by pasture and 
crops. Of all soil N, 90 - 98% is present in organic matter. In New Zealand soils, the amount of soil 
organic matter present ranges between 3 - 20% (McLaren & Cameron 1996). The rate of 
decomposition of organic matter controls the availability of N for plant uptake. As organic 
matter decomposes, N converts from organic N (plant unavailable) to inorganic N (plant 
available). 
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2.3.2 Nitrogen transformations 
2.3.2.1 Mineralisation and immobilisation 
Through the activity of soil organisms, N that is unavailable to plants - for example in plant 
residue, soil organic matter, and other organic materials - can become available for plant uptake. 
The conversion of organic N to inorganic N is termed ‘mineralisation’ and occurs over a series of 
reactions (Equation 2.2). 
 
                                         
                    Equation 2.2 
 
The complex proteins breakdown into amino acids and organisms present within the soil convert 
these into NH3, which is quickly hydrolysed to NH4
+, making the N available for plant uptake or 
nitrification. The organisms responsible for mineralisation also consume some of the N, thus 
making it unavailable for plant uptake. This process is known as immobilisation (the conversion 
of inorganic N to organic N) (Equation 2.3).  
 
                  
                            Equation 2.3 
 
The mineralisation of organic N into plant available forms is important to the dairy farming 
system due to pastures requiring large amounts of N each year. If a soil cannot provide NH4
+ or 
NO3
- for plant uptake, synthetic N fertilisers are required. However this adds an additional 
monetary cost to the farmer.  
 
2.3.2.2 Nitrification 
Nitrification is an oxidation reaction caused by specific nitrifying bacteria. This reaction is the 
conversion of NH4
+ to NO3
- via NO2
- and is explained in more detail in Section 2.4. 
 
2.3.2.3 Denitrification 
Denitrification occurs under anaerobic soil condition and is the reduction of NO3
- or NO2
- to N2, 
with N2O as an obligatory intermediate (Reijnan 2002; Spanning et al. 2007; Eckard et al. 2010) 
(Equation 2.4). The microbes involved are collectively known as denitrifiers, with the key species 
being Pseudomonas stutzeri and Paracoccus denitrificans (Madigan & Martinko 2006). Each step 
within the denitrification sequence requires a specific reductase enzyme. 
 
                    
                             Equation 2.4 
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In grazed grasslands, treading damage commonly results under wet soils, resulting in anaerobic 
soil conditions optimal for denitrification, thus NO3
- is removed from the system. However at the 
same time, the greenhouse gas N2O is produced. Under dairy winter forage grazing, where 
treading damage is commonly more severe than on the main dairy farm, there is a likelihood of 
denitrification to prevail over nitrification, thus increasing N2O emissions and decreasing NO3
- 
leaching.  
 
2.3.2.4 Ammonia volatilisation 
Volatilisation is a chemical gaseous loss of N. It can occur when there is free NH3 present at the 
soil surface and the soil pH is above 7 (Equation 2.5).  
 
             
                           Equation 2.5 
 
The presence of NH3 at the soil surface can be due to: application of urea or ammonium based 
fertilisers, an animal urine patch, or another organic source. The greater the animal stocking rate 
the more likely ammonia volatilisation will occur. Thus, under dairy winter forage grazing the risk 
of ammonia volatilisation has the potential to be greater than that on the main dairy farm when 
the right environmental conditions arise.  
 
2.4 Nitrification 
2.4.1 The nitrification process 
Nitrification, the conversion of NH4
+ to NO3
-, occurs through a two part oxidation reaction. The 
production of NO3
- is an important part of the N cycle because NO3
- is freely available for plant 
uptake thus impacting plant growth. However, due to NO3
- being an anion, it is also easily lost 
from the soil through leaching. 
 
The first step of nitrification is known as ‘ammonia oxidation’ and is the conversion of NH4
+ to 
NO2
- (Equation 2.6) (Kowalchuk & Stephen 2001). Ammonia oxidation is the rate-limiting step of 
nitrification because NO2
- rarely accumulates within the environment (Prosser 1989; Arp & Stein 
2003). Ammonia oxidation is a compound reaction (Figure 2.4) proceeding via hydroxylamine 
and is performed by two enzymes. The first is ammonia monooxygenase (AMO), which is a 
membrane-bound enzyme that catalyses the conversion of NH3 to hydroxylamine. AMO is 
encoded by the subunits of the AMO genes (Arp & Stein 2003). The second enzyme is 
hydroxylamine oxidoreductase (HAO), which is a periplasm-associated enzyme that catalyses the 
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second part of ammonia oxidation - the conversion of hydroxylamine to NO2
- (Kowalchuk & 
Stephen 2001). The second step of nitrification is the conversion of NO2
- to NO3
- (Equation 2.7) 
(Kowalchuk & Stephen 2001). This step of nitrification is more of a secondary step compared to 
ammonia oxidation.  
 
     
 
 
                 
                                    Equation 2.6  
 
   
    
 
       
     
                 (Werner et al. 2005)                        Equation 2.7 
 
Nitrification is mediated by two different groups of microbes. These microbes are collectively 
known as nitrifying microbes, but individually they are known as ammonia oxidisers and nitrite 
oxidising bacteria (NOB) e.g. Nitrobacter. Ammonia oxidisers are of most importance for 
nitrification as they mediate ammonia oxidation, while nitrite oxidising bacteria mediate the 
second step of the nitrification (Kowalchuk & Stephen 2001).   
 
 
Figure 2.4 Oxidation of ammonia and electron flow in ammonia oxidising bacteria (Madigan & 
Martinko 2006). 
 
2.4.2 Ammonia oxidising microbes 
2.4.2.1 Ammonia oxidising bacteria (AOB) 
Ammonia oxidising bacteria are chemolithoautotrophic obligate aerobes (Kowalchuk & Stephen 
2001). They are located within the beta or gamma subdivisions of the Proteobacteria family. 
Known AOB within the beta sub-group are from the Nitrosomonas and Nitrosospira genera 
(Avrahami et al. 2002). Within the gamma sub-group the known AOB are Nitrosococcus oceani 
Removed due to copyright 
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and Nitrosococcus halophilus (Avrahami et al. 2002; Junier et al. 2010). When specifically looking 
at soils, Nitrosospira species of clusters 2, 3, and 4 have been found to be the dominant AOB 
species (Kowalchuk et al. 1998; Stephen et al. 1998; Bruns et al. 1999; Phillips et al. 2000). For 
agricultural soils, it has been shown that AOB are dominated by Nitrosospira cluster 3 (Bruns et 
al. 1999; Di et al. 2009b; Xia et al. 2011).  
 
2.4.2.2 Ammonia oxidising archaea (AOA) 
Until recently, it was believed that nitrification was restricted to AOB. However, recent 
molecular studies have demonstrated that members of the Crenarchaeota kingdom, within the 
archaeal domain, also play an important role in the nitrification process. Thaumarchaeal isolates, 
Candidatus nitrosopumilus maritimus from marine environments and Candidatus nitrosopumilus 
viennensis from the soil, have been shown to grow lithotrophically via nitrification in culture 
(Konneke et al. 2005; Tourna et al. 2011). Furthermore, culture-independent soil studies have 
identified expressions of the archaeal AMO gene (amoA) (Leininger et al. 2006; Nicol et al. 2008). 
These studies suggest that soil-borne archaea are capable of nitrification in situ. The marine AOA 
strain Candidatus nitrosopumilus maritimus was identified as containing the putative genes of 
the three subunits of the AMO gene (Konneke et al. 2005). This gave confirmation that 
nitrification by archaea occurs. Since the cultivation of Candidatus nitrosopumilus maritimus, 
three other thermophilic AOA (Candidatus nitrosocaldus yellowstonii, Candidatus nitrososphaera 
gargensis, and Candidatus nitrosopumilus viennensis) have been reported (de la Torre et al. 
2008; Hatzenpichler et al. 2008; Tourna et al. 2011).  
 
AOA has been identified as the most abundant ammonia oxidiser within a number of low N input 
agricultural soils (Leininger et al. 2006; He et al. 2007; Shen et al. 2008). Leininger et al. (2006) 
found that the number of archaea amoA gene copies were up to 3,000-fold more abundant than 
bacterial amoA genes copies . A greater AOA abundance is believed to occur because AOA have 
a broad range of growth conditions and a more versatile metabolism compared to AOB 
(Leininger et al. 2006). However, there is a gap in the literature as to whether AOA are the most 
abundant ammonia oxidiser under high N loading (i.e. animal urine patches) - where it has been 
identified that AOB mediates the nitrification process (Di et al. 2009b). 
 
2.4.2.3 The role of ammonia oxidising microbes in agricultural soils 
Current research has shown that both AOB and AOA are capable of mediating nitrification within 
agricultural soils. Offre et al. (2009) and Zhang et al. (2010) identified that AOA mediates 
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nitrification in the same Scottish agricultural soil, however Valentine (2007) and Di et al. (2009b) 
both identified that AOB mediates the nitrification process in highly fertile soils e.g. under high N 
loading. Under dairy winter forage grazing conditions, where the soil has high N loading but the 
environmental conditions are wet, cold, and anaerobic, it is still unclear whether AOB or AOA 
the dominant nitrification mediator, therefore more research is needed. 
 
2.4.3 Factors affecting the rate of nitrification 
Nitrification is mediated by nitrifying microbes. These microbes are sensitive to subtle changes in 
soil conditions. Thus, the rate of nitrification is highly influenced by a number of factors 
including: 
1) Soil physical factors such as: texture and structure; 
2) Soil environmental factors such as: temperature, moisture, aeration, soil nutrient status, 
vegetation, fertiliser application, agricultural/industry chemicals, and agricultural 
management practices; and 
3) Soil chemical factors such as: pH, electrical conductivity, cation exchange capacity, 
organic matter, and C/N ratio.  
(Stratton & McCarty 1967; Neufeld et al. 1986; McLaren & Cameron 1996; Kelly et al. 2004; 
Subbarao et al. 2006). 
 
2.4.3.1 Soil pH 
Nitrification is affected by pH due to soil pH affecting the chemical form, concentration, and 
availability of substrates i.e. NH3 (Kemmitt et al. 2006). In general, optimum nitrification rates 
occur at a soil pH of 8.5 (Sahrawat 2008). The rate of nitrification is believed to be rapid in soils 
where the pH is greater than 6.0 but slower in soils where the pH is less than 5.0 (Subbarao et al. 
2006). Kyveryga et al. (2004) identified that, when the soil pH was greater than 7.5, 89% of the 
fertiliser N applied to the soil underwent nitrification (Figure 2.5). However, at a soil pH less than 
6.0, only 39% of the fertiliser N applied to the soil underwent nitrification. Thus, ammonia 
oxidisers are more active in high pH soils.  
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Figure 2.5 The relationship between the percentage of nitrification in nitrogen fertiliser versus 
soil pH (adapted from Kyveryga et al. 2004). 
 
The nitrification rate decreases as soil pH decreases because nitrifying bacteria fail to survive in 
acidic soil conditions due to NH3 becoming unavailable (Suzuki et al. 1974). Sahrawat (1982) 
found that, when the pH was less than 5.0, nitrification did not occur. In contrast, when the soil 
pH was greater than 6.0 nitrification proceeded at rapid rates. In addition, Carlyle et al. (1990) 
identified that the switch between low NO3
- production to high NO3
- production occurred at a pH 
of 5.3, while Ste-Marie and Pare (1999) identified that at a soil pH of 4.83 no nitrification 
occurred. As the soil pH increased the rate of NO3
- accumulation also increased.   
 
AOB and AOA response to soil pH 
Gubry-Rangin et al. (2010) identified that, as the soil pH increased, the AOB amoA transcript 
abundance increased until a pH of 6.9 was reached at which point it slightly decreased. In 
comparison, the AOA amoA transcript abundance decreased as the soil pH increased, suggesting 
that, in acidic soils, AOA is the major contributor for nitrification. In addition, Nicol et al. (2008) 
found, at a soil pH between 4.5 and 7.5, there are different niches for different groups of 
ammonia oxidisers.  
 
2.4.3.2 Soil temperature 
Due to nitrification being a biological process it is affected by temperature. However, not all soils 
have the same optimum soil temperature for optimum nitrification rates. The nitrification 
process is known to follow a bell-shaped temperature curve with the optimum between 25oC 
and 35oC (Justice & Smith 1962; Mahendrappa et al. 1966; Jones & Morita 1985; Neufeld et al. 
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1986). Myers (1975) found that, in a tropical soil, the optimum soil temperature for nitrification 
was 35oC (Figure 2.6). However, Justice and Smith (1962) reported that, in a temperate region 
soil, nitrification rates were more rapid at a soil temperature of 25oC compared to 35oC. 
Similarly, Sabey et al. (1956) found maximum nitrification rates occur around 25oC, while 
Grundmann et al. (1995) determined that maximum nitrification occurred at 25.5oC in the top 20 
cm of soil (Figure 2.7). This demonstrates that tropical soils appear to have a greater optimum 
temperature for nitrification compared to temperate region soils. Mahendrappa et al. (1966) 
stated that climatic effects on nitrification lead to natural selection and thus region-specific 
evolution of nitrifying bacteria. 
 
 
Figure 2.6 Effect of temperature on nitrification of added ammonium to a tropical soil. Vertical 
lines represent the standard error (adapted from Myers 1975). 
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Figure 2.7 Estimated maximum specific nitrification rates in a temperate agricultural soil. Bars 
indicate confidence intervals (α = 0.05) for each estimated value (adapted from Grundmann et 
al. 1995). 
 
Although most soils are not in the optimum temperature range, nitrification does occur, 
however the rate is much slower (Cookson et al. 2002; Clark et al. 2009; Lang et al. 2010). Lang 
et al. (2010) found nitrification increased significantly when the soil temperature changed from 
10oC to 15oC under grassland conditions, but no change was observed under forest soils. Clark et 
al. (2009) found that nitrification can occur when the soil is frozen soil with nitrification 
proceeding in a loam soil to a temperature of -2oC and in a clay soil to a temperature of -6oC.  
 
2.4.3.3 Soil moisture content and aeration 
The interaction that occurs between soil moisture and oxygen status within the soil matrix has a 
large influence on the rate of nitrification, NO3
- formation, and NO3
- stability (Subbarao et al. 
2006; Sahrawat 2008). When soil moisture is high, the majority of soil pore space is occupied by 
water, resulting in a decrease in soil aeration and subsequently the rate of nitrification. Given 
that nitrification is an aerobic process it requires well aerated soil (Subbarao et al. 2006). Thus, 
nitrification is maximised when the intra-aggregate pore space is saturated with water while 
there is no water within the inter-aggregate pore space (Grundmann et al. 1995). In simpler 
terms, maximum nitrification will occur when the soil is at or near field capacity (-33 kPa in 
medium to heavy textured soils and 0 kPa to -10 kPa in light textured or sandy soils) (Sahrawat 
2008). As the soil becomes wetter than field capacity the rate of nitrification will decrease. 
When saturated (0 kPa) nitrification stops as there is little oxygen present in the soil profile 
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(Subbarao et al. 2006). Sharma et al. (2009) identified that the rate of nitrification was 
significantly, inversely, affected by the soil moisture content (Figure 2.8).  
 
 
Figure 2.8 The relationship between net nitrification and soil moisture content in an age series 
of alder-cardamon agroforestry stands. Values are means of three site replicates (adapted 
from Sharma et al. 2009). 
 
As a soil dries out and decreases below permanent wilting point (-1500 kPa), the rate of 
nitrification also decreases. However, it appears that a higher soil moisture content has a greater 
negative impact on nitrification compared to soils that have lower moisture contents (Sahrawat 
2008). Justice and Smith (1962) reported that nitrifying bacteria may function well in reasonably 
dry soils, while Parker and Larson (1962) stated that a higher soil moisture content can 
drastically curtail the nitrification rate. 
 
As the soil moisture content decreases and the soil aeration increases, the nitrification rate 
increases resulting in a greater accumulation of NO3
-. Thus, under dairy winter forage grazing, 
where the soil has been severely trampled, the soil nitrification rate will decrease due to the 
anaerobic soil status and denitrification will prevail. Under these conditions it is also common for 
the soil to become waterlogged due to the wet conditions and the soil pore space being largely 
affected by animal trampling (Batey & McKenzie 2006). 
 
2.4.3.4 Vegetation 
Ammonium is one of the two available forms of N for plant uptake. This leads to vegetation 
competing against the nitrification process for the NH4
+ present within the soil. This competition 
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for NH4
+ results in a lower amount of NH4
+ available for soil nitrifiers. Consequently, the 
nitrification rate decreases in the soil therefore decreasing the number of nitrifiers present 
(McLaren & Cameron 1996).  
 
2.4.3.5 Agricultural and industry chemicals 
In general, nitrifying bacteria are sensitive to pesticides that have been applied to the soil, often 
resulting in the reduction of nitrification. One chemical that is known to accumulate within the 
soil is cyanide. Cyanide can inhibit AOB activity leading to a reduced nitrification rate (Do et al. 
2008) which is irreversible (Hooper & Terry 1973). Pesticides and herbicides are added to a 
pasture to kill pests and weeds, however they can indirectly affect nitrification. Some chemicals, 
however, are purposely added to the soil to reduce nitrification rates (e.g. DCD). DCD is used to 
reduce soil nitrifiers and therefore reducing NO3
- leaching and N2O emissions (Di & Cameron 
2002b). 
 
2.4.3.6 Soil nutrient status 
The soil nutrient status affects nitrification and the rate at which it occurs. Examples of differing 
nutrient status and its effect are: phosphate deficiencies causing a decrease in the rate of 
nitrification (McLaren & Cameron 1996), and NH4
+ concentration controlling the activity of 
nitrifiers by increasing/decreasing as it increases/decreases in turn. High NH4
+ concentration may 
restrict the activity of Nitrobacter thus leading to the accumulation of NO2
- in a soil (McLaren & 
Cameron 1996). High concentrations of trace elements within a soil limit the rate of nitrification 
(McLaren & Cameron 1996). 
 
Nitrogen content 
In high N rich agricultural soils (e.g. dairy grazed pastures) it has been shown that an increase in 
the nitrification rate resulted from an increase in the AOB population (Di et al. 2009b). This 
finding is further supported by Valentine (2007) who concluded that AOB growth is favoured 
under fertile soil conditions compared to the growth of AOA which mediates nitrification under 
more extreme conditions e.g. extreme salinity, extreme pH, and low soil fertility. A significant 
relationship (Figure 2.9a) has also been identified between AOB populations and NO3
- leaching 
losses within high N loaded dairy soils. In comparison, no relationship (Figure 2.9b) was 
determined between AOA populations and NO3
- leaching losses within the same soil (Di et al. 
2009a).  
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Figure 2.9 Relationships between the amount of nitrate produced and ammonia oxidiser 
populations. (a), Relationship between AOB amoA gene copy numbers and nitrate 
concentration in the soil. (b), Relationship between AOA amoA gene copy numbers and nitrate 
concentration in the soil. The AOB and AOA gene copy numbers and the nitrate concentration 
in the soil are those after 49 days of incubation when the AOB population abundance peaked 
(Di et al. 2009b). 
 
2.4.3.7 Soil texture and structure      
The soil texture and structure influences N mineralisation and therefore nitrification by affecting 
the soil aeration status, soil water holding capacity, and the distribution of organic matter 
(Strong et al. 1999). A high percentage clay soil that was continuously wet showed a negative 
relationship towards nitrification. In contrast, a positive relationship was observed when the 
same soil was dried out before being rewetted (Strong et al. 1999). Due to its high clay content, 
this soil is able to effectively protect the organic N from microbial attack when the soil is wet. 
However, when the same soil dries out then becomes wet again, the protective mechanisms of 
clay are undermined. Thus, the protected reservoirs of organic N became vulnerable to the 
microbes present within the soil causing mineralisation and subsequently nitrification (Strong et 
al. 1999). Thus soils high in clay have a greater impact on nitrification because these soils 
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experience greater flushes of mineralisation and therefore nitrification compared to soils with 
lower clay contents (Strong et al. 1999). 
 
The rate of nitrification within a soil is a function of NH4
+ absorption. Thus, the greater the 
number of NH4
+ ions present on the surface of soil particles, the greater the rate of nitrification 
(Subbarao et al. 2006). The NH4
+ fixation capacity of a soil is the key factor in determining NH4
+ 
absorption onto the surface of soil aggregates and is greatly affected by soil texture and 
structure. The presence of clay minerals within the soil is the key to NH4
+ adsorption. Soils with a 
higher proportion of clay have a higher NH4
+ fixation capacity compared to predominantly silt 
and sand textured soils. Ammonium easily becomes unavailable for nitrification through the 
sorption or fixation of organic N and NH4
+ by clay minerals or through the immobilisation 
process. 
 
The NH4
+N concentration within a soil is the key factor affecting the rate of nitrification. Soil NH4
+ 
concentrations positively influence the population of nitrifying microbes present within the soil. 
The population of nitrifying microbes grows on the surface of individual soil aggregates in close 
proximity to NH4
+ ions (Harmsen & van Schreven 1955). Thus, the population growth of nitrifying 
microbes is proportional to the surface area of a soil aggregate.  
 
2.4.3.8 Organic matter and C/N ratio   
The C/N ratio of the soil organic matter is a key factor affecting nitrification rates because it 
determines the heterotrophic bacteria population within the soil (Focht & Verstraete 1977). The 
number of heterotrophic bacteria present in a soil impacts nitrification due to the competition 
for NH4
+ between heterotrophic and nitrifying bacteria (Bodelier et al. 1998). It is widely known 
that nitrifying bacteria are poor competitors against heterotrophic bacteria (Subbarao et al. 
2006). Consequently, under soil conditions where the C/N ratio is high (above 25:1), 
heterotrophic bacteria are able to utilise greater amounts of NH4
+ leading to the microbial 
immobilisation of NH4
+ and effectively suppressing nitrification (McLaren & Cameron 1996; 
Sahrawat 1996). 
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2.5 Nitrate leaching losses  
2.5.1 Key factors affecting nitrate losses in dairy systems 
2.5.1.1 Dairy cow urine patches  
Within the agricultural industry, a large amount of environmental pollution arises from NO3
- 
leaching and N2O emission from animal urine patches (Ledgard 2001). There are a number of 
factors that influence the loss of N from a grazing system including: stocking density, N load in 
each urination event, the number of urination events per animal, and depth of urine penetration 
into the soil (Betteridge et al. 2010). An animal urine patch is a hotspot for NO3
- leaching and 
N2O emissions. This is because the N concentration in a urine patch (700 - 1400 kg N ha
-1) is in 
excess of plant demand for growth (Haynes & Williams 1993; Eckard 2006). Plants take up, on 
average, 300 kg N ha-1 yr-1 (McLaren & Cameron 1996), thus potentially significant amounts of N 
which is in a leachable form remains within the soil profile. Each time a dairy cow urinates, a 
small area of pasture receives a high volume of nutrients. Thus this small area has a higher 
nutrient status compared to the remainder of the paddock (Moir et al. 2011). It is widely 
accepted that 90% of NO3
- leached originates from animal urine deposition, with the remaining 
NO3
- in leachate originating from the area between urine patches (Ledgard et al. 1999; Di & 
Cameron 2002c, a). The NO3
--N leached from a single urine patch has been shown to range from 
123 kg NO3
--N ha-1 to 629 kg NO3
--N ha-1 in four different New Zealand soils (Di et al. 2009a; Di & 
Cameron 2012).  
 
Greater N losses and thus N pollution also result when cows congregate in certain areas within a 
paddock referred to as ‘camp’ sites. These sites tend to have a higher localised stocking rate and 
therefore greater N depositions compared to the remainder of the paddock (McGechan & Topp 
2004). The area of a paddock which receives urine is affected by the stocking rate (Haynes & 
Williams 1993; Silva et al. 1999). At a stocking rate of 3.5 cows ha-1, it has been estimated that 
22% of the pasture will receive urine annually. In addition, a number of urine patches will 
overlap (Moir et al. 2006), thus exponentially increasing NO3
- leaching (Pleasants et al. 2007; 
Shorten & Pleasants 2007). 
 
The makeup of dairy cow urine varies between individual urinations. Table 2.2 indicates the 
standard nutrient composition of dairy cow urine. Nitrogen is the dominant nutrient within a 
urine patch, with a typical concentration being 11.5 g L-1. Table 2.3 outlines the distribution and 
size of dairy cow urine patches as reported in earlier studies. On average, a typical dairy cow will 
deposit 2.0 L of urine onto an area of 0.303 m2 during each urination event. The size of individual 
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urine patches varies throughout the day and year due to dairy cows adapting to changes in the 
ambient temperature (Betteridge et al. 2010). During the cooler autumn and winter months, it is 
expected that urine patches will decrease in volume and therefore cover a smaller area (Moir et 
al. 2011).  
 
Table 2.2 The nutrient composition of dairy cow urine (adapted from Safley et al. 1984). 
Nutrient g L-1 
Total P 0.2 
Total N 11.5 
Cl 2.5 
K 7.95 
Ca 0.17 
Mg 0.56 
Na 1.18 
Cu 0.001 
Zn 0.002 
Fe 0.006 
Mn 0.0002 
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Table 2.3 The distribution and size of dairy cow urine patches (adapted from Haynes & 
Williams 1993). 
 
2.5.1.2 Climate and drainage 
Drainage occurs when the amount of water applied to the soil, as either rain or artificial 
irrigation, exceeds the rate of evapotranspiration and soil is at field capacity. Nitrate leaching 
occurs during any form of drainage because NO3
- is negatively charged, hence it is repelled from 
the negatively charged soil surface thus is constantly in soil solution and vulnerable to leaching.   
 
Nitrate leaching occurs throughout the year. However, the majority of NO3
- is leached during late 
autumn, winter, and early spring due to plant uptake of N being low due to the cooler climatic 
conditions and slower growth rates while drainage is high due to high rainfall and low 
evapotranspiration rates. The lower demand for N by plants leads to significant quantities of 
NO3
- being present in soil solution over this period. The actual NO3
--N concentration in drainage 
and the total amount of NO3
--N leached is dependent on soil and climatic conditions, farm 
management practices, and the amount of N within animal urine patches. 
 
Mean number of 
urinations day-1 
Volume of single 
urination 
(L) 
Area covered by 
urination 
(m2) 
Reference 
- - 0.37 (Moir et al. 2011) 
8 - 0.28 (Petersen et al. 1956) 
9 - - (Aland et al. 2002) 
9 - 0.36 (White et al. 2001) 
- 2.0 - (Haynes & Williams 1993) 
11 1.9 - (Frame 1970) 
- - 0.16 (Williams et al. 1990) 
10 2.0 - (Robertson 1972) 
10 2.2 0.19 (Davies et al. 1962) 
12 - - (Betteridge et al. 2010) 
- - 0.40 (Williams & Haynes 1994) 
10 2.0 0.34 (Nguyen & Goh 1994) 
- - 0.42 (Doak 1952) 
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Di et al. (1999) studied the difference in NO3
- leaching losses from fertiliser applied during 
autumn compared to spring. It was found that, during autumn, 15 - 18% of the fertiliser applied 
was lost through NO3
--N leaching compared to the spring applications where only 8 - 11% was 
lost. It has also been reported that removing stock from the grazing pastures during the winter 
period can reduce NO3
--N leaching by 60% (Menneer et al. 2004).  
 
Different soils have different levels of drainage because of differences in soil texture and soil 
structure. On poorly drained soils, the use of artificially installed drainage systems improves 
drainage. However, these systems impact the amount of NO3
- lost through leaching. Scholefield 
et al. (1993) identified that, when an efficient drainage system was installed, NO3
--N leaching 
increased.  
 
2.5.1.3 Fertiliser 
In New Zealand, dairy farming represents one of the most intensive systems for pasture 
management and utilisation. Nitrogen fixation by white clover (Trifolium repens L.) supplies 
between 100 - 200 kg N ha-1 yr-1 (Evans & Barber 1977). However, this supply of N does not meet 
the pasture’s requirement of 300 kg N ha-1 of perennial ryegrass (Lolium perenne L.) (McLaren & 
Cameron 1996). Since 1985, the use of N fertiliser within New Zealand has rapidly increased due 
to the intensification of dairying farming (Figure 2.10). Annually, the average application of N 
fertiliser is around 200 kg N ha-1. However, in some intensive farming operations the amount of 
N fertiliser applied can be as great as 400 kg N ha-1 (Di & Cameron 2002c). 
 
With the application of N fertiliser, pasture production can be maintained throughout the year. 
However N fertiliser can be lost from the plant/soil system after application. Ammonium based 
fertilisers are readily available for plant uptake at the time of application and, if in excess of 
plant requirements, it can be lost quickly. Thus the application of N fertiliser onto a dairy pasture 
can accelerate NO3
- leaching especially when it is applied at high rates (Table 2.4). In contrast, 
slow release N fertilisers require a number of chemical and biological reactions before N is 
available for plant uptake, therefore reducing the risk of N fertiliser loss. 
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Figure 2.10 Change in nitrogen fertiliser use between 1985 and 2004 (adapted from Ministry 
for the Environmental 2007).  
 
Ledgard et al. (1999) identified that different amounts of N were lost from the plant/soil system 
when N fertiliser was applied at different rates. When urea was applied at 200 kg N ha-1, NO3
--N 
leaching losses ranged from 59 - 101 kg NO3
--N ha-1 yr-1. This was compared to urea being 
applied at 400 kg N ha-1 where NO3
--N leaching losses ranged from 100 - 204 kg NO3
--N ha-1 yr-1. 
Eckard et al. (2004) showed that different forms of N fertilisers resulted in different amounts of 
N being lost through NO3
- leaching. When 200 kg N ha-1 of ammonium nitrate (34.5% N) was 
applied to the soil, NO3
--N leaching losses averaged 18.6 kg NO3
--N ha-1 yr-1. When urea (46% N) 
was applied to the soil NO3
--N leaching losses averaged 12.4 kg NO3
--N ha-1 yr-1. The application 
of N fertiliser in addition to cow urine also increases NO3
--N leaching losses compared to the 
application of N fertiliser alone. Silva et al. (1999) identified that when urea was applied at a rate 
of 200 kg N ha-1 or 400 kg N ha-1, in addition to cow urine, the NO3
--N leaching losses were 
between 152 - 190 kg NO3
--N ha-1.   
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Table 2.4 Examples of nitrate-N leaching losses under grazed pasture systems (adapted from 
Di & Cameron 2002b). 
N applied 
(kg N ha-1 y-1) 
Soil texture 
(grass type) 
Grazing 
animal 
Leaching loss 
(kg NO3
--N ha-1 y-1) 
Reference 
0 Clay loam Cattle 30 (Monaghan et al. 2005) 
100 Clay loam Cattle 34 (Monaghan et al. 2005) 
200 Clay loam Cattle 46 (Monaghan et al. 2005) 
400 Clay loam Cattle 56 (Monaghan et al. 2005) 
200 
“ 
Clay loam 
(old grass) 
Beef cattle 
“ 
39 
“ 
(Scholefield et al. 1993) 
“ 
400 (old grass) Beef cattle 34 (Scholefield et al. 1993) 
400 (new grass) Beef cattle 56 (Scholefield et al. 1993) 
0 Silt loam Dairy cows 25 (Ledgard et al. 1999) 
200 Silt loam Dairy cows 59 (Ledgard et al. 1999) 
400 Silt loam Dairy cows 100 (Ledgard et al. 1999) 
200 Sandy loam Dairy cows 47 (Silva et al. 1999) 
200 Sandy loam Dairy cows 54 (Silva et al. 1999) 
225 Silt loam Dairy cows 57 (Ledgard et al. 1996) 
360 Silt loam Dairy cows 110 (Ledgard et al. 1996) 
200 Clay Beef cattle 39 (Scholefield et al. 1993) 
400 Clay Beef cattle 134 (Scholefield et al. 1993) 
420 Loam Beef cattle 162 (Ryden et al. 1984) 
450 Loam-clay Beef cattle 11- 48 (Barraclough et al. 1992) 
0 Sandy loam Sheep 6 - 7 (Ruz-Jerez et al. 1995) 
400 Sandy loam Sheep 11 - 41 (Ruz-Jerez et al. 1995) 
250 Clay loam Cattle 11 (Hood 1976a, b) 
750 Clay loam Cattle 54 (Hood 1976a, b) 
 
2.5.1.4 Soil physical properties and soil type 
Soil types have different physical properties affecting the rate at which N is lost from the soil. 
Two key physical properties are the soil structure and soil texture. The three soil textures (sand, 
silt, and clay) have different effects on water movement and the rate of N loss.  
 Soils with a sandy texture are reasonably homogeneous and water can move freely 
through the soil profile. This leads to the NO3
- present within the soil being carried down 
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the soil profile with little impediment. When a sandy soil is present above an aquifer, it 
is commonly seen as a threat to water quality (Addiscott 1996). 
 The water movement within a silt based soil is either mobile or immobile. As the result 
of mobile water, the NO3
- that is present within a soil aggregate is safe from being 
leached until it diffuses out of the aggregate and into the soil pore space. Thus, the NO3
- 
that is produced within an aggregate (through microbial processes) is relatively safe 
from NO3
- leaching. In general, when nitrate fertilisers are applied to a moist silt 
textured soils they are protected from NO3
- leaching because the NO3
- tends to diffuse 
into the soil aggregates. However, it can be leached if there is significant 
rainfall/irrigation before NO3
- diffusion occurs. Nitrate that is present in soil pores is 
commonly lost from the soil due to mobile water transporting it through the soil profile 
(Addiscott 1996).   
 The behaviour of water and NO3
- within a clay soil is similar to a silt soil but more 
extreme. Water is unable to move through the soil pores, except when it is imbibed by 
dry soil. However, clay soils are known to shrink when dry and expand when wet 
resulting in these soils having cracks present. These cracks combined with other similar 
soil channels result in preferential pathways through which all water flow occurs. Thus, 
water flows through only a small proportion of the total soil volume, travelling at a high 
speeds compared to other soil textures taking NO3
- with it (Addiscott 1996). 
 
2.5.2 Key mechanisms and pathways of nitrate leaching 
Nitrogen can be lost from the soil through a number of different pathways. The biological loss of 
N is through denitrification, the chemical loss of N is through ammonia volatilisation, while the 
physical losses of N include: crop removal, soil erosion, surface runoff, and NO3
- leaching.  
 
The main processes that are involved in NO3
- leaching are: (Cameron 1993; Cameron et al. 2013) 
 Convective transport occurs due to the movement of NO3
- with the mass flow of 
drainage water, depending on the magnitude of the drainage flux and the concentration 
of NO3
- in solution. By modifying Darcy’s law, the convective flux (Equation 2.8) can be 
described as: 
 
                     
  
  
             Equation 2.8  
 
where Jc is the convective NO3
- flux, c is the NO3
- concentration, q is the water flux, K is 
the hydraulic conductivity, and dH/dx is the hydraulic gradient. The distance transported 
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per unit time by convection depends on the average pore water velocity (Equation 2.9), 
U, where:  
 
                                                         Equation 2.9  
 
 Diffusive transport occurs when there is an uneven distribution of NO3
- in the soil 
solution. Fick’s law can be used to describe the movement by diffusion as shown in 
Equation 2.10.  
 
                          
  
  
                 Equation 2.10 
 
Where Jd is the rate of diffusion, Ds is the diffusion coefficient of the NO3
- in soil and it 
depends on the soil moisture content, and dc/dx is the NO3
- concentration gradient.  
 Hydrodynamic dispersion occurs due to the mechanical action of water flowing through 
soil which causes mixing and spreading of the band of NO3
- being leached. Dispersion 
occurs because (i) the flow velocity within a single pore is not uniform, (ii) the large 
variation in pore size in soil causes a large range of pore water velocities, and (iii) the 
tortuosity of pores results in a range of flow path lengths.   
 The combined convective-diffusive-dispersive transport of NO3
- can be represented by 
Equation 2.11. 
 
          
  
  
    
   
   
–  
  
   
                                               Equation 2.11 
 
Where Da is the apparent diffusion coefficient and represents the sum of molecular 
diffusion plus hydrodynamic dispersion. 
 
These processes are key factors in NO3
- leaching however, other factors also impact on the 
amount of NO3
- leached. Plant roots, earthworms, freezing and thawing cycles, and wetting and 
drying of the soil can produce surface-connected macropores in the soil profile which all affect 
the amount of NO3
- leached (Cameron et al. 2013). Soil water that moves through these 
macropores affects NO3
- leaching in two ways: (i) when NO3
- is present in the infiltrating water 
macropore flow will result in leaching occurring at a faster than normal rate and (ii) when NO3
- is 
present within soil aggregates the bulk of the drainage water has the potential to ‘bypass’ the 
aggregates thus a slower than normal rate of leaching occurs (Cameron et al. 2013). 
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2.6 Mitigation of nitrate leaching losses 
2.6.1 Mitigation options 
Preventing environmental degradation for New Zealand water bodies is a key focus, not only to 
maintain the clean green image New Zealand has, but also to allow everyone to use and enjoy 
this natural resource of New Zealand. Land and soil management is an important factor in 
reducing environmental degradation which can occur through farming practices. The following 
management options can be used to reduce the environmental impact of NO3
- leaching from 
pastoral farming systems. 
 
2.6.1.1 Riparian buffer zone 
A riparian buffer zone is comprised of a vegetated strip of land that extends alongside rivers and 
streams which acts as an interface between land and the nearby waterway (Parkyn 2004; Aarons 
& Gourley 2013). Within New Zealand, riparian buffer zones are advocated as an important 
environmental management tool for reducing the loss of NO3
- and P, sediments, and pathogenic 
organisms from farming systems and into waterways (Parkyn 2004; Aarons & Gourley 2013).  
 
A healthy riparian zone filters out the above contaminants from both overland flow and 
groundwater before they enter waterways (Correll 2005). These zones benefit groundwater due 
to plant roots intercepting NO3
- from the soil solution and utilising it for plant growth, thus NO3
- 
is not leached from the soil. Young and Briggs (2007) recognised that, in two cropland soil 
solutions the soil, NO3
--N concentrations were up to three times greater compared to cropland 
soil solutions that had a 9 metre by 50 metre buffer zone between the crop and the water body. 
However, the NO3
--N concentration was dependent on the quantity of N applied.  
 
In addition to NO3
- leaching, denitrification can remove NO3
- from soil in the riparian buffer zone. 
Overland flow also benefited from a buffer zone due to the removal of suspended sediments, 
pesticides, and various forms of N and P (Cooper et al. 1987; Mander et al. 1995; Hill 1996; 
Lowrance et al. 1997). By reducing the transportation of contaminants from farm land into 
surface water bodies, it improves the biodiversity of the water body (Aarons & Gourley 2013). 
Other functions of riparian buffer zones include: stabilising channels, preventing stock accessing 
the waterway, increasing plant infiltration, and providing both terrestrial and aquatic habitats 
(Parkyn 2004; Aarons & Gourley 2013). 
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2.6.1.2 Effluent disposal  
Nutrient-rich farm dairy effluent (FDE) is comprised of dung, urine, udder wash-water, milking 
shed wash-water, and milk spillage (Roberts & Morton 2009). There are a number of benefits 
associated with applying this effluent to the land: valuable nutrients are added to the soil, 
animal health issues are reduced (e.g. milk fever), and soil conditions are improved through the 
addition of organic matter. Microbial and earthworm activity also improves, as well as soil 
aeration, drainage, and soil water holding capacity (Roberts & Morton 2009; Dairy NZ 2013).  
 
Compared to direct disposal into water bodies, land disposal of FDE has the potential to 
significantly reduce the transfer of nutrients (e.g. NO3
-) and pathogenic organisms to nearby 
waterways because of filtration and adsorption by the soil (Collins et al. 2007). 
 
There are four key principles in effective farm dairy effluent application (Dairy NZ 2013): 
 Use appropriate application rate and depth;  
 Keep it in the plant root zone – do not exceed the soil water deficit when you irrigate; 
 Be aware of irrigator spray pattern; and 
 Know the nutrient loading from the effluent. 
If these principles are not followed prior to and during the application of FDE the effect on 
nearby waterways could be just as significant as if the effluent was directly discharged into the 
waterway. Houlbrooke et al. (2004) stated that 2 - 20% of N applied in FDE potentially leaches 
out of the soil profile when applied to the land. Thus, the timing and application depth of FDE 
are key points in effectively mitigating NO3
- leaching. Scheduling effluent irrigation based on soil 
moisture deficits results in a considerable decrease in NO3
- leaching (Houlbrooke et al. 2004) 
with only the minimum volume of effluent applied to the soil. Therefore drainage does not occur 
and NO3
- remains within the soil profile and is utilised by the pasture.  
 
2.6.1.3 Nitrogen fertiliser management 
Managing the application of fertiliser is an important part of farming. Fertiliser is expensive and 
has the potential to affect water quality, both directly and indirectly, if not managed correctly. 
One key nutrient lost is N, predominantly through NO3
- leaching. When applying N fertiliser to 
the land there are four basic steps that can be followed to prevent any unnecessary losses (New 
Zealand Fertilizer Manufacturers' Research Association 2007): 
 The use of appropriate application rates; 
 The timing of application; 
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 Frequent split applications; and 
 Application technique.  
By managing the use of N fertiliser correctly, NO3
- leaching is minimised as a result of effective 
plant uptake rather than being lost from the plant/soil system.  
 
The use of a nutrient management plan is an effective way to manage inputs and outputs of 
nutrients on a farm, therefore reducing the loss of nutrients. There are seven key benefits of 
having a nutrient management plan (Roberts & Morton 2009): 
 Ensures that pasture production and quality is maximised from the money spent on 
fertiliser; 
 Saves money on nutrients by the recycling of nutrients through the use of FDE or when 
they are brought in with supplements purchased off-farm; 
 Matches fertiliser nutrient expenditure to what is affordable given input costs and 
product prices; 
 States on-farm initiatives to decrease NO3
- leaching and P runoff in sensitive catchments; 
 Estimates the off-farm impact of N and P on water quality and provides mitigation 
strategies; 
 Provides a permanent record of the information and process followed to develop the 
nutrient management strategies; and 
 Provides proof to outside organisations that you have instigated the best management 
practices with respect to nutrients for your farm. 
 
2.6.1.4 Non-conventional grazing 
Restricted grazing  
Restricted grazing limits the time that dairy cows spend in the paddock between milkings. Rather 
than spend 24 hours grazing pasture, cows are removed to housing or a feed-pad (and stand-off 
pads). Restricted grazing decreases the number of urine deposits onto pastures, thus reducing 
NO3
- leaching. The use of housing or a feed-pad results in a large amount of stored effluent, 
however this can be applied to the land when soil conditions are favourable (de Klein 2001) and 
at a lower concentration compared to direct deposition, thus matching the plant demand and 
reducing potential NO3
- leaching losses. Christensen et al. (2010) demonstrated that by halving 
the amount of time that dairy cows spend in a paddock over a year, the amount of NO3
--N 
leached reduced by 41%. 
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Strategic de-stocking 
Strategic de-stocking is similar to restricted grazing, however cows are removed from the land 
for a longer period of time. Strategic de-stocking can be for as long as five months. During this 
time, small herds are placed on stand-off and feed-pads while large herds are grazed off-farm. 
By avoiding the deposition of urine onto the pasture, NO3
- leaching losses are reduced. de Klein 
et al. (2000) identified that strategic de-stocking for three and five month periods reduced     
NO3
--N leaching losses by 20% and 35 - 50% respectively. However, when large herds are grazed 
off-farm on other grazing systems (e.g. winter forage grazing systems) there is the potential for 
significant amounts of NO3
--N to be leached on these systems. Thus, the problem is only being 
relocated and not remedied. There is a limited understanding of the impact that winter forage 
grazing has within the Canterbury region where the soils are predominately stony and hence 
free-draining.   
 
The use of stand-off pads 
A stand-off pad is a specially built area where stock can be held during wet periods. A stand-off 
pad is constructed from C-rich free-draining materials such as sawdust, wood chips, or bark (Luo 
et al. 2006). The use of stand-off pads (or other such area where stock are removed from the 
pasture) reduces damage to both the pasture and soil structure. In addition, there is a reduction 
in cow excreta returning to wet soils, subsequently reducing NO3
- leaching losses and gaseous 
emissions from the grazing system. This will lead to an overall reduction in the environmental 
impact of dairy farming (de Klein & Ledgard 2001).  
 
2.6.2 Nitrification inhibitors 
Nitrification inhibitors are chemical compounds that are used as a mitigation tool to reduce both 
NO3
- leaching and N2O emissions. Nitrification inhibitors inhibit the first step of nitrification by 
deactivating the active site of the AMO enzyme (McCarty & Bremner 1989; Di et al. 2009a) by 
interfering with the cytochrome oxidase in the respiratory electron transport system of 
ammonia oxidisers (O'Connor et al. 2012), slowing the conversion of NH3 to NO2
-. Therefore 
there is a greater concentration of NH4
+ and lower concentration of NO3
- present within the soil. 
Higher soil NH4
+ concentrations are desired because temperate region soils (such as those in 
New Zealand) have an overall net negative charge, attracting the positively changed NH4
+ which 
is adsorbed onto the soil exchange surfaces. With larger quantities of NH4
+ being adsorbed onto 
the soil surface, greater plant uptake of NH4
+ occurs as well as greater immobilisation into soil 
organic matter or fixation into certain clay mineral interlayers (Di & Cameron 2002b).  
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Nitrification inhibitors are an unusual example where there is the potential to both reduce 
pollutant loads and increase profit through promoting pasture production (Doole & 
Paragahawewa 2011). Subbarao et al. (2006) identified 64 different chemical compounds that 
have been tested as nitrification inhibitors. However, only a few have been selected for 
evaluation under field conditions. These nitrification inhibitors includes: nitrapyrin, 3,4-
dimethylpyrazole phosphate (DMPP), and DCD (Zerulla et al. 2001; Di & Cameron 2002b; 
Subbarao et al. 2006).  
 
2.6.2.1 Nitrapyrin  
Nitrapyrin was developed by Dow Chemical Company. It has been marketed under the trade 
name of N-Serve® and has been sold as an N stabiliser (Subbarao et al. 2006) which has been 
extensively used in North America. Nitrapyrin can be added to any ammonium fertiliser as well 
as animal manure, however, due to its volatility, the incorporation of nitrapyrin into 
conventional N fertilisers is difficult. For this reason, in the United States, it has mainly been 
applied by injection into the soil in combination with anhydrous ammonia (Trenkel 2010).   
 
When nitrapyrin was applied at the rate of 2 mg kg-1 soil to 87 different soils, 74 of these soils 
showed nitrapyrin was effective in reducing nitrification for six weeks (Goring 1962b, a). During 
cooler soil temperatures, nitrapyrin is very persistent and stable within the soil, thus reducing 
nitrification rates for longer periods of time during the autumn and winter months. However, at 
warmer soil temperatures, nitrapyrin normally completely decomposes within 30 days 
(Subbarao et al. 2006). 
 
2.6.2.2 3,4-dimethylpyrazole phosphate (DMPP) 
The nitrification inhibitor DMPP is relatively new compared to nitrapyrin and DCD. It was 
recently developed by BASF in Germany (Subbarao et al. 2006). DMPP has been shown to inhibit 
nitrification for a period of four to ten weeks when applied at a rate between 0.5 kg ha-1 and 1.0 
kg ha-1 (Zerulla et al. 2001). However, its effectiveness is dependent on climatic conditions and 
site characteristics (Barth et al. 2001; Pasda et al. 2001). At a soil temperature of 5oC, after a 140 
day period, DMPP was still present and ammonium sulphate had not yet been converted to NO3
- 
by nitrification. However, at a soil temperature of 20oC, the inhibitory effect of DMPP was 
reduced and nitrification occurred within 40 days (Zerulla et al. 2001).  
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The use of DMPP has been shown to reduce both NO3
- leaching and N2O emissions in a number 
of agricultural systems. It has also been shown to be effective in cropping systems (Pasda et al. 
2001; Zerulla et al. 2001). Coating N fertiliser in DMPP is the traditional way to apply DMPP to 
the soil but this form is not practical for all farming systems. Di and Cameron (2012) looked at 
the use of DMPP in a liquid form to reduce NO3
- leaching and N2O emissions on soils that had 
high N loading from animal urine depositions. They found that DMPP was just as effective as 
DCD and had the potential to be a mitigation tool. However, there are currently many unknowns 
surrounding DMPP. This makes DCD a safer choice due to the large knowledge base. 
 
2.6.2.3 Dicyandiamide (DCD)  
DCD (C2N4H4) was developed by Showa Denko and is produced from calcium cyanamide (Frye 
2005). DCD is at least 65% N (Boman et al. 1995; Trenkel 2010), making it suitable to be used as 
a slow release fertiliser (Di & Cameron 2002b; Trenkel 2010). Compared to other nitrification 
inhibitors, DCD is known to be very safe with: an LD50 > 10,000 mg kg
-1, no evidence of 
mutagenic activity when subject to the Ames test, no carcinogenic effects after a long-term 
study, and a short degradation time (Boman et al. 1995; Kelliher et al. 2008; O'Callaghan et al. 
2010; Trenkel 2010). It has also been proven to be safe on soil organisms due to its bacteriostatic 
effect (Amberger 1989; Trenkel 2010) which suppresses their activity for a period of time rather 
than killing them (Trenkel 2010).  
 
DCD is a versatile nitrification inhibitor. It can be incorporated into conventional ammonium 
fertilisers (Trenkel 2010) as well as being a suitable stabiliser for cattle manures and animal 
slurries (Amberger 1989; Dittert et al. 2001). DCD can also be applied as a fine particle 
suspension in solution (Di & Cameron 2005), resulting in an even coverage on the soil. Using DCD 
in solution results in DCD being suitable for a range of farming systems.  
 
The use of DCD was extensive in Western Europe and Japan before it was introduced to America 
in 1984 (Trenkel 2010). It was not until the late 1990’s that the use of DCD was officially 
approved by the United States Environmental Protection Agency (USEPA) as a nitrification 
inhibitor (Association of American Plant Food Control Officials 2001; Frye 2005).  
 
The use of DCD in combination with N based fertilisers (stabilised N fertilisers) has been studied 
in a number of systems including: winter wheat, sweet corn, grain sorghum, potatoes, cotton, 
sugar beets, citrus trees, and wheat (Amberger 1989; Frye et al. 1989; Malzer et al. 1989; Zerulla 
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& Knittel 1991a, b; Boman et al. 1995; Serna et al. 1995). Stabilised N fertiliser use has led to a 
greater nutrient use efficiency resulting in a 20 - 30% reduction in N fertiliser usage (Trenkel 
2010). However, different degrees of N efficiency have been observed between different crops. 
Frye et al. (1989) identified an increase in maximum yield for sweet corn, grain sorghum, and 
potatoes when DCD was applied alongside N fertiliser. In contrast, the results for cotton varied. 
When DCD was applied alongside N fertiliser to a wheat crop no advantages were observed. Not 
all results were as encouraging as Frye et al. (1989). Malzer et al. (1989) observed varying results 
with DCD when applied to corn, wheat, and potato crops. 
 
In Western Europe, the practice of stabilising ammonium fertilisers with DCD has been replaced 
by using DCD in combination with other nitrification inhibitors thus reducing the application rate 
while maintaining full activity. Such new combinations include DCD and Triazole (10:1 ratio) and 
DCD and 1H-1, 2,4-triazole (Weber et al. 2004) which is commercially available as Alzon® 46 
(Khalil et al. 2009).   
 
In America, the use of DCD has not been widely adopted by growers and farm managers. Several 
factors are believed to have contributed to the low interest in DCD usage, including (Frye 2005): 
 Availability of inexpensive N fertiliser; 
 The requirement for delayed and split applications; 
 Inconsistent field responses; 
 Economic rather than environmental drivers; and 
 US Environmental Protection Agency restrictions.  
 
Overall, the use of DCD has a number of key advantages over other nitrification inhibitors. These 
advantages include: it is cheap to produce, it has a high water solubility therefore is able to be 
applied in liquid form, it is less volatile making it being more suitable for use with solid fertilisers, 
and it decomposes completely in the soil to NH4
+ and carbon dioxide (CO2) (McCarty & Bremner 
1989; Di & Cameron 2012).  
 
2.6.2.4 The effect of DCD on nitrification rates 
DCD applications significantly reduce nitrification rates, in turn reducing NO3
- leaching losses 
(Figure 2.11) (Williamson et al. 1996; Di & Cameron 2002b, 2004a; Di et al. 2009a; Moir et al. 
2010).  
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Figure 2.11 Effect of the nitrification inhibitor DCD on nitrate leaching losses from urine and 
urea treated lysimeters. Vertical bars are the standard errors of the mean (Di & Cameron 
2004a). 
 
New Zealand pastoral farming   
The use of DCD has been shown to substantially reduce NO3
- leaching and N2O emissions from 
both dairy and sheep farming systems within New Zealand (Table 2.5). Di and Cameron (2002b) 
recorded reductions in NO3
--N leaching of 76% during autumn and 42% during the spring under 
high N loaded dairy grazed pastures, giving an annual NO3
--N leaching reduction of 
approximately 60% when 15 kg DCD ha-1 was applied. Table 2.5 shows that numerous trials have 
been undertaken within New Zealand under different conditions to see what effect DCD has on 
NO3
- leaching from animal urine patches.  
 
From the successful results in reducing NO3
- leaching, Hoogendoorn et al. (2008) looked into the 
use of DCD on hill country farming as a mitigation tool to reduce N2O emissions from sheep urine 
patches. It was concluded that, on the lower North Island trial site, reduction in N2O emissions 
was 60 - 80%, while the South Island trial site showed a reduction in N2O emissions of 40%. Di 
and Cameron extended the research on NO3
- leaching reductions when using DCD to see if 
similar reductions could be made in reducing N2O emissions (Table 2.6). 
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Table 2.5 The use of DCD in pastoral systems to mitigate nitrate-N leaching. 
DCD Rate 
(kg DCD ha-1) 
Urine Rate 
(kg N ha-1) 
Soil Type Reduction 
(%) 
Season Sock 
Type 
Reference 
10 1000 Stony  45 Winter Dairy (Di & Cameron 
2007) 
15 1000 Deep sandy  74 - 76 Autumn Dairy (Di & Cameron 
2004a) 
15 1000 Stony silt 
loam 
76 Autumn Dairy (Di & Cameron 
2002b) 
15 1000 Stony silt 
loam 
42 Spring Dairy (Di & Cameron 
2002b) 
10 1000 Silt loam 61 Winter Dairy (Shepherd et al. 
2010) 
10 1000 Clay 36 Winter Dairy (Shepherd et al. 
2010) 
10 700 Stony  60 Winter Beef (Di & Cameron 
2007) 
10 300 Stony  83 Winter Sheep (Di & Cameron 
2007) 
15 580 Silt loam 39 Winter Beef (McDowell & 
Houlbrooke 2009) 
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Table 2.6 The use of DCD in pastoral systems to mitigate nitrous oxide emissions.  
DCD Rate 
(kg DCD ha-1) 
Urine Rate 
(kg N ha-1) 
Soil Type Reduction 
(%) 
Season Stock 
Type 
Reference 
15 1000 Silt loam 76 Autumn Dairy (Di & Cameron 
2003) 
15 1000 Silt loam 78 Spring Dairy (Di & Cameron 
2003) 
7.5 1000 Silt loam 65 Winter Dairy (Di & Cameron 
2006) 
10 1000 Silt loam 70 Winter Dairy (Di & Cameron 
2006) 
15 1000 Silt loam 73 Winter Dairy (Di & Cameron 
2006) 
10 1000 Sandy loam 61 Winter Dairy (Di & Cameron 
2006) 
 
Arable and horticultural use of DCD  
As shown above, DCD can have a significant impact on reducing NO3
- leaching and N2O emissions 
within a pastoral farming system. Table 2.7 shows that DCD can also reduce NO3
- leaching in 
various non-pastoral systems, but the reduction varies between the different studies from 39% 
to 80%. 
 
 Table 2.7 The use of DCD in non-pastoral systems to mitigate nitrate-N leaching. 
 
DCD Rate 
(kg DCD ha-1) 
N Rate 
(kg N ha-1) 
Soil Type Reduction 
(%) 
Crop Type Extra Info Reference 
10 650 Silt/clay 
loam 
59 Vegetables N Fertiliser (Cui et al. 
2011) 
10 650 Clay loam 39 Vegetables N Fertiliser (Cui et al. 
2011) 
13 90 Sandy 
loam 
77 Lettuce N – urea (Asing et al. 
2008) 
13 
 
90 Sandy 
loam 
80 Lettuce N - organic 
manure 
(Asing et al. 
2008) 
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It is clear that the nitrification inhibitor DCD has been widely studied and used to decrease the 
environmental impacts of NO3
- leaching and N2O emissions while increasing yields within the 
agricultural and horticultural industries for a number of years (Moir et al. 2007; Cui et al. 2011). 
Extensive research has been undertaken on the use of DCD in pastoral farming systems 
including: dairy grazed pastures, hill country sheep farms, and beef farming systems (Di & 
Cameron 2007; Hoogendoorn et al. 2008; Shepherd et al. 2010). DCD has also been used on a 
range of horticultural and arable systems (Asing et al. 2008; Khalil et al. 2009; Cui et al. 2011). To 
date, no work has been undertaken on the use of DCD on dairy winter forage grazing systems, 
where the soil is continuously bare, wet, cold, anaerobic, and draining, with a higher stocking 
rate. Thus, there are substantial gaps in our knowledge. 
 
2.6.2.5 Factors affecting the effectiveness of DCD 
The performance and effectiveness of DCD in reducing nitrification rates is not constant (Di & 
Cameron 2004b). The rate of degradation is dependent on: soil temperature, moisture content, 
organic matter, soil pH, and the number of applications (Amberger 1989; Rajbanshi et al. 1992; 
Kelliher et al. 2008; Shi et al. 2011). DCD is also easily leached out of the root zone reducing its 
effectiveness (McCarty & Bremner 1989; Shepherd et al. 2012a). 
 
Soil temperature 
The rate at which DCD degradation occurs at is highly dependent on the soil temperature. As the 
soil temperature increases, the rate at which DCD degrades also increases. Thus, when the soil 
temperature is low DCD is effective for longer. Di and Cameron (2004b) identified that, at a soil 
temperature of 8oC, the DCD half-life is between 110 - 115 days. This is compared to a half-life of 
only 18 - 25 days at a soil temperature of 20oC. Similar to these results, in a review on the effect 
that temperature has on DCD degradation, Kelliher et al. (2008) concluded that, at a soil 
temperature of 22oC, the half-life of DCD was only 39 days. This is compared to a soil 
temperature of 10oC which had a DCD half-life of 100 days (Kelliher et al. 2008). Under New 
Zealand soil conditions, where the average soil temperature is about 13oC it is expected that 
DCD will have a half-life of 50 days (Cookson & Cornforth 2002). Based on published data from 
controlled environment studies, Kelliher et al. (2008) quantified the relationship between 
temperature (T) and the time it took the DCD concentration in soils to decline to half its 
application rate (t½) (Figure 2.12) as shown in Equation 2.12. 
 
  
 
                         Equation 2.12 
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Figure 2.12 Relationship between the half-life (t1/2, d) of DCD mixed into soil samples, 
incubated under controlled conditions, and the corresponding temperature (T oC) (adapted 
from Kelliher et al. 2008).  
 
Soil pH   
The effectiveness of DCD reduces as the pH becomes more alkaline (Shi et al. 2011). Over a 60 
day period, a soil which had a pH between 4 and 4.3 showed a 4% degradation of DCD. However, 
at a pH of 6.8 a 48% of DCD degradation was observed over the same 60 day period (Rodgers et 
al. 1985). Another example has been shown by Shi et al. (2011). When the pH was lower than 
5.4, nitrification rates were reduced for 60 days. In comparison, nitrification rates were reduced 
for only 30 days when the soil pH was 6.2. Puttanna et al. (1999) identified a 35% reduction in 
soil ammonium-N (NH4
+-N) content as the result of the soil pH increasing from 5.4 to 8.3 through 
liming. 
 
The effect of repeat applications of DCD  
Currently, in New Zealand, the best management practice for the application of DCD is to use 
two applications a year. The first application is applied in late autumn within seven days of 
grazing when the soil temperature is less than 15oC. Approximately 60 days later, a second 
application of DCD occurs. Both applications of DCD use the recommended application rate of 10 
kg DCD ha-1 (Watkins et al. 2013). Given the requirement (and pressure) to reduce the 
environmental impacts of NO3
- leaching and N2O emissions there may be a long-term effect on a 
soil with continuous use of DCD. 
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It has been identified that, when DCD is applied to a soil repeatedly, the degradation rate of DCD 
is greater compared to a DCD free soil (Rajbanshi et al. 1992). However, more recent studies 
have shown that both short-term and long-term repeat applications of DCD do not alter the DCD 
effectiveness (de Klein et al. 2011; Watkins et al. 2013). Watkins et al. (2013) identified that 
reapplication of DCD 57 days after the initial application resulted in no decline in DCD efficacy 
and the effectiveness of DCD was similar to that of the initial DCD application. In comparison, de 
Klein et al. (2011) identified that the long-term use of DCD over five consecutive years did not 
alter the effectiveness of DCD in suppressing N2O emissions. There was also no evidence for the 
development of a DCD tolerance within the AOB community. However, it cannot be conclusively 
stated whether or not a tolerance to DCD will occur (Watkins et al. 2013). 
 
Soil moisture content 
The application of DCD is affected by the soil moisture content. A soil at field capacity has a 
lower DCD effectiveness, thus increasing nitrification. The opposite effect occurs as the soil 
moisture content decreases. At a soil moisture content of 36% of field capacity, DCD was 
effective in inhibiting the rate of nitrification for 90 days. In comparison, when the soil moisture 
content increased to 72% of field capacity, DCD effectiveness reduced to 60 days (Shi et al. 
2011). This is due to the soil moisture status significantly affecting the movement of DCD within 
the soil profile. As the soil moisture content increases drainage increases thus DCD is leached 
out of the soil profile due to it being mobile (Shepherd et al. 2012a).  
 
2.6.3 Biochar 
Biochar is another mitigation tool that has the potential to reduce NO3
- leaching. In recent years, 
biochar has created considerable interest in its use due to climate change and the realisation of 
the need for more sustainable soil management practices (Chan et al. 2007). Biochar is a black 
carbon manufactured for the single purpose of being applied to soil. Biochar is produced by a 
thermal decomposition of an organic material under limited supplies of oxygen and at relatively 
low temperatures (< 700oC) (Lehmann & Joseph 2009). The application of biochar onto soil is a 
novel approach to establish a significant long-term sink for atmospheric CO2 in terrestrial 
ecosystems. However, it also has the potential to alter N cycling and increase conventional 
agricultural productivity. 
 
Biochar has a highly porous structure and a large surface area (Atkinson et al. 2010). Its addition 
into a soil system therefore alters a number of soil properties including: structure, texture, 
46 
 
porosity, particle size distribution, density, water retention, aeration, pH, C content, and cation 
exchange capacity (Glaser et al. 2002; Cheng et al. 2006; Chan et al. 2007; Atkinson et al. 2010; 
Singh et al. 2010; Streubel et al. 2011). In addition the microbial and nutrient status of the soil is 
affected (Downie et al. 2009). The addition of biochar has also been shown to add additional 
macro and micro nutrients into the soil/pasture system, including the addition of N (Jha et al. 
2010). Lehmann and Rondon (2006) reported a 20 - 220% increase in plant productivity when 
biochar was applied.  
 
2.6.3.1 Effects of biochar on nitrification rate 
Soil aeration and water storage capacity 
The addition of biochar to a soil is known to increase the aeration and water storage capacity. 
The structure of biochar increases the potential for water absorption thus increasing soil 
aeration. Streubel et al. (2011) identified that the addition of biochar to a silt loam increased the 
water storage capacity by 14%. In addition to this finding, Chan et al. (2007) identified that in a 
high clay soil that was heavily cropped, the addition of biochar increased the soil field capacity, 
however the tensile strength decreased. An increase in soil aeration could lead to an increase in 
nitrification rates and hence NO3
- leaching due to more oxygen being present in the soil pores. In 
contrast, an increase in water storage capacity has the potential to increase denitrification rates 
through localised anaerobic conditions thus decreasing nitrification rates. An increase in water 
storage capacity also has the potential to improve ammonia oxidiser activity due to optimal soil 
moisture conditions, thus increasing nitrification rates.   
 
Microbial activity 
The effect that biochar amendments have on the soil microbial populations is currently poorly 
understood. To date, it has been reported the effect that biochar has on microbial communities 
is dependent on its quality and quantity in addition to the production conditions (Thies & Rillig 
2009). It has been shown that the addition of biochar has the potential to impact the abundance 
and biomass of bacteria as well as arbuscular mycorrhizal fungi (Matsubara et al. 2002; Birk et al. 
2009; Khodadad et al. 2011). In addition, Kolton et al. (2011) identified a clear increase in the 
root-associated bacterial community where biochar had been applied to the soil.   
 
The response of the ammonia oxidising microbes to biochar amendments has rarely been 
studied. However, Dempster et al. (2012b) identified that the addition of Jarrah wood 
(Eucalyptus marginata) biochar alongside inorganic N altered the ammonia oxidiser community 
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structure. In addition, Song et al. (2013) recently studied the impact that cotton stalk-derived 
biochar had on a coastal alkaline soil. The addition of biochar significantly increased the 
abundance of both AOB and AOA. AOB abundance outnumbered AOA, however nitrification was 
mediated by AOA. The composition of the ammonia oxidisers was also altered by the application 
of biochar, where AOA diversity decreased while the AOB diversity increased. It has become 
clear that there is a current gap in knowledge on the impact that biochar has under dairy winter 
forage grazing conditions – where there is high N loading and the soil is regularly anaerobic.  
 
Soil pH 
The response of soil pH to the application of biochar has been more extensively researched 
compared to other soil properties. The application of biochar onto a soil increases the soil pH in 
response to the alkaline nature of biochar, thus H+ ions on the biochar are exchanged with the 
surrounding soil (Chan et al. 2007; Streubel et al. 2011; Song et al. 2013). The application rate of 
biochar has also been shown to impact the degree to which the pH increases (Chan et al. 2007). 
This is due to higher biochar application rates supplying a greater numbers of H+ ions. In addition 
to biochar application rate, the increase in soil alkalinity has also been shown to vary due to 
different types of biochar and the buffering capacity of the soil (Streubel et al. 2011). An 
increasing soil pH influences a number of soil processes including the rate of nitrification 
(Atkinson et al. 2010). Both Chan et al. (2007) and Song et al. (2013) identified that nitrification 
rates increase in response to the increasing alkalinity, potentially increasing NO3
- leaching losses. 
This increase in nitrification rate is partially in response to increased ammonia oxidiser activity as 
the soil pH increased.  
 
Cation exchange capacity 
The cation exchange capacity (CEC) of soils has been shown to increase via the application of 
biochar (Liang et al. 2006; Chan et al. 2007). Elevated CEC is caused by a greater degree of 
oxidation of biochar and increases in the surface area for cation adsorption (Atkinson et al. 
2010). This increase in CEC has the potential to decrease NO3
- leaching losses by reducing the 
concentration of NH4
+ ions in the reactive pool and hence reducing the substrate required for 
nitrification. 
 
2.6.3.2 Biochar within the nitrogen cycle 
Applying biochar to a soil has the potential to decrease NO3
- leaching and N2O emissions (Jha et 
al. 2010; Knowles et al. 2011; Dempster et al. 2012a). Clough and Condron (2010) indicated a 
number of studies have been conducted on biochar and the N cycle. These studies have 
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indicated that biochar has the ability to retain N in a soil due to biochar enhancing NH3, NH4
+, 
and NO3
- adsorption (Steiner et al. 2008; Singh et al. 2010; Yao et al. 2012; Clough et al. 2013), 
thus making it unavailable for nitrification or NO3
- leaching. In addition, it has been determined 
that biochar increases soil water retention (Jha et al. 2010; Laird et al. 2010), hence potentially 
decreasing drainage and NO3
- leaching. Conversely, soil pore water is decreased by the addition 
of biochar due to a greater water retention thus increasing the soil oxygen status and potentially 
increasing NO3
- leaching losses. In addition, as stated above, biochar increases the soil pH thus 
potentially increasing the NO3
- leaching losses.   
 
A number of studies have shown that biochar has the potential to reduce NO3
- leaching from the 
soil (Novak et al. 2010; Knowles et al. 2011; Dempster et al. 2012a; Yao et al. 2012; Ventura et al. 
2013). However, not all biochar and nitrification studies have identified reductions. For example, 
in a pine forest soil, the nitrification rate has been shown to increase through the addition of 
forest floor biochar (Ball et al. 2010). In addition, Song et al. (2013) stated that the addition of 
biochar and a N fertiliser to a coastal alkaline soil significantly increased the rate of nitrification.  
 
Current studies on the impact of biochar on nitrification and NO3
- leaching differ in results. This 
could be due to different environmental conditions, ecosystems, and/or soil properties. In 
addition, to date, no work has been undertaken on the use of biochar on dairy winter forage 
grazing systems where the soil is bare, wet, cold, anaerobic, and draining, with a higher stocking 
rate. Thus, there are still substantial gaps in our knowledge. 
 
2.7 Conclusions  
New Zealanders have become more aware of the environmental impacts of intensive 
agriculture, in particular the impact that NO3
- leaching has on water bodies. This has led to the 
prevention of environmental degradation becoming a key focus within New Zealand. At this 
stage, a large number of resources have been put into quantifying NO3
--N leaching losses from 
pastoral based systems. However, research is lacking on the impact of dairy winter forage 
grazing systems on NO3
- leaching losses where the stocking rate is generally higher than a grazed 
pasture and the soil is draining, wet, cold, and anaerobic for long periods of time.   
 
A key impact of winter grazing is soil damage due to animal trampling. The effects that treading 
damage has on soil physical properties is widely reported. However, currently there is a 
knowledge gap around the impact on NO3
- leaching losses due to changes in soil physical 
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properties when treading damage is severe and the soil is wet for long periods of time resulting 
in anaerobic soil conditions.  
 
On top of the research to quantify NO3
--N leaching losses from pastoral based systems, 
considerable research has been undertaken on strategies to mitigate NO3
- leaching - in particular 
the nitrification inhibitor DCD. Extensive research has been undertaken on the use of DCD to 
decrease NO3
- leaching losses from grazed pasture. However, there are substantial gaps in our 
knowledge when it comes to DCD usage under dairy winter forage grazing conditions. Another 
NO3
- mitigation tool is biochar. Currently, little is known about the impact that biochar has on 
nitrification rates and ammonia oxidiser populations under a range of grazing systems including 
a dairy winter forage grazing system. Thus, more research is required to fill these knowledge 
gaps. 
 
Current research has shown that both AOB and AOA are capable of mediating the nitrification 
process within agricultural soils. This research strongly supports the idea that AOB is the 
ammonia oxidiser that mediates the nitrification process under high N loading and aerobic soil 
conditions. However, the roles of AOB and AOA within nitrification under dairy winter forage 
grazing conditions remains unclear - where the soil has high N loading but the environmental 
conditions are wet, cold, and anaerobic.  
 
2.8 Key hypotheses 
 On dairy winter forage grazing systems, there is a significant amount of NO3
--N leached 
from dairy cow urine deposits leading to large amounts and high concentrations of     
NO3
--N in the drainage water; 
 On dairy winter forage grazing systems, severe animal trampling reduces NO3
--N leaching 
losses from dairy cow urine deposits leading to a reduction in the concentration and 
amount of NO3
--N in the drainage water; 
 The use of the mitigation tools DCD and biochar, targeting the key nitrogen 
transformation and loss processes, can reduce the concentration and amount of NO3
--N 
leached into drainage water; and 
 The addition of cow urine, animal trampling, DCD, and biochar onto the soil causes a 
significant difference in the AOA and AOB populations present within the soil. 
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Chapter 3 Materials and Methodology 
 
3.1 Soil properties 
 
Figure 3.1 Profile of Balmoral stony silt loam. 
 
The Balmoral stony silt loam (Figure 3.1) is a free-draining stony soil typically used for winter 
gazing in Canterbury. This soil was used for all five studies and was collected from the Lincoln 
University Ashley Dene Farm (43o 39’ 2” S; 172o 19’ 45” E), situated approximately 15 km west of 
Lincoln University (43o 38’ 52” S; 172o 28’ 7” E). The Balmoral stony silt loam is classified as an 
Acidic Orthic Brown soil in the New Zealand soil classification (Hewitt 1998) and as a Udic 
Haplustept loamy skeletal soil in the USDA soil classification (Soil Survey Staff 1998). 
 
The Balmoral stony silt loam is friable, with stones present throughout the soil profile, and roots 
visible in high numbers to a depth of 56 cm (Table 3.1). Table 3.2 shows the results of soil 
analysis in September 2011. The soil pH, Olsen P, and sulphate sulphur were all at optimum 
levels while the potassium (K+) and magnesium (Mg++) levels were very high, optimum ranges are 
5 - 7 MAF units and 8 - 10 MAF units respectively. The average annual rainfall of 633 mm and 
average annual temperature of 11.3oC are key environmental conditions at the collection site. 
  
Key properties of this soil important for winter grazing include: a well-drained soil, unlimited 
aeration in the root zone, and low water logging vulnerability (Environment Canterbury 2013). 
These properties are important attributes as the soil is at or near field capacity for long periods 
of time during the winter, thus limiting the microbial processes within the soil and affecting 
plant growth.  
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Table 3.1 Balmoral stony silt loam soil description (adapted from Webb & Bennett 1986).  
Horizon Depth Description 
A 0 - 18 cm Very dark greyish brown (10 YR 3/2); stony silt loam; friable; weakly 
developed fine nut and granular structure; many fine roots; 10% 
stones. 
Bw 18 - 34 cm Dark yellowish brown (10 YR 4/4); very stony silt loam; friable; weakly 
developed very fine nut structure; many fine roots; many casts, 40% 
stones. 
Bw2 34 - 56 cm Dark yellowish brown (10 YR 3/4); very stony loamy sand; friable; 
single grain structure; many fine roots; 60% stones 
Cu1 56 - 70 cm Dark greyish brown to olive brown (2.5 Y 4/3); very stony sand; loose; 
few fine roots; 50% stones. 
Cu2 70 - 90 cm Dark yellowish brown (10 YR 4/4); very stony sand very fine in situ; 
patchy roots; sand crusted on stones; 50% stones. 
 
 
Table 3.2 Soil properties of Balmoral stony silt loam 0 - 7.5 cm, September 2011. 
Analysis Level found 
pH 5.9 (pH units) 
Olsen P 24 (mg L-1) 
Anion storage capacity 42 (%) 
K+ 0.86 (me 100 g-1)    16 (MAF units) 
Ca++ 7.77 (me 100 g-1)      9 (MAF units) 
Mg++ 0.66 (me 100 g-1)    12 (MAF units) 
Na+ 0.13 (me 100 g-1)      5 (MAF units) 
CEC 17 (me 100 g-1) 
Total base saturation 57 (%) 
Volume weight 0.88 (g mL-1) 
Sulphate sulphur 10 (mg kg-1) 
Extractable organic sulphur 2 (mg kg-1) 
TBK 3.8 (me 100 g-1) 
Organic matter 72 (g kg-1) 
Total carbon 42 (g kg-1) 
Total nitrogen 4.1 (g kg-1) 
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3.2 Field studies 2011 
3.2.1 Experimental design 
To investigate the impact that cow urine, DCD, and biochar had on NO3
--N leaching from urine 
patches deposited during dairy winter forage grazing and the roles of ammonia oxidisers under 
these conditions, a field trial was undertaken with a lysimeter study and companion soil blocks. 
Five different treatments (Table 3.3), each with four replicates were applied to the lysimeters 
and soil blocks in a random design to reduce the effect of any environmental variability across 
the trial site. The lysimeters were used to determine NO3
--N leaching losses from the different 
treatments. Six weeks prior to treatment application leachate collection began to determine the 
background NO3
--N and NH4
+-N concentrations within the leachate. The soil blocks were used for 
destructive soil sampling to determine the soil nitrification rates and ammonia oxidiser 
populations. The soil core sampling was kept separate from the lysimeters to eliminate the soil 
disturbance effect. 
 
Table 3.3 Treatments applied to the 2011 field studies. 
Treatment Urine 
(kg N ha-1) 
DCD 
(kg DCD ha-1) 
Biochar 
(tonnes biochar ha-1) 
Control 0 0 0 
Urine 700 0 0 
Urine + DCD 700 20 0 
Urine + biochar 700 0 5 
Urine + DCD + biochar 700 20 5 
 
3.2.2 Lysimeter collection and installation 
Following well established protocols and procedures (Cameron et al. 1992), undisturbed soil 
monolith lysimeters with a diameter of 50 cm and a depth of 70 cm, were collected from the 
Lincoln University Ashley Dene Farm (Figure 3.2). The collection of the lysimeters involved 
placing a metal cylinder casing on the soil surface and digging around the outside edge, so that it 
could be gradually pushed down the soil profile without disturbing the soil structure inside the 
casing. When stones were present within the soil profile, they were chipped out and the casing 
was pushed down. Once the casing reached the desired depth of 70 cm, the soil monolith was 
cut at the base of the casing with a cutting plate. The cutting plate was secured to the bottom of 
the lysimeter using long metal rods before the gap between the soil core and the metal casing 
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was sealed using petroleum jelly to prevent edge-flow. Following this, the lysimeters were lifted 
out of the collection site by attaching chains and lifting them out with a tractor. 
  
 
Figure 3.2 Lysimeter collection (a) digging around the outside of lysimeters; (b) cutting the soil 
monolith off at the base; (c) the pouring of petroleum jelly; and (d) transporting of lysimeters. 
  
Once lysimeter collection was complete, the lysimeters were placed onto a specially designed 
trailer with air-bag suspension which minimised the risk of soil disturbance within the lysimeters 
during transportation. The lysimeters were then transported to a field trench lysimeter facility 
located at the Field Service Centre, Lincoln University, 20 km south of Christchurch. The 
lysimeters were installed into the field trench by tractor (Figure 3.3). The soil surface of each 
lysimeter was aligned to be the same level as that of the surrounding paddock. This ensured that 
plant growth occurred under near normal field conditions. The area outside each lysimeter was 
backfilled with soil to the same level as the surface of the lysimeters and the surrounding 
paddock. The lysimeters were therefore exposed to the same climatic conditions as the soil and 
pasture in the surrounding paddock.  
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Figure 3.3 Lysimeter installation. 
 
3.2.3 Soil block collection 
Blocks of soil were collected from the Lincoln University Ashley Dene Farm. Metal rings that 
were 50 cm in diameter and 7.5 cm deep were placed onto the soil surface and a small area 
around the outside of each ring was removed. The metal rings were then pushed down the soil 
profile while continuing to remove the outside soil. The outside soil was removed carefully to 
minimise disturbance to the soil profile within each ring. If stones were present on the edge of 
the ring they were chipped out allowing for the ring to be pushed down the soil profile. Once the 
rings reached the desired depth of 7.5 cm, the soil monolith was cut at the base with a cutting 
plate. The blocks were then transported to the Lincoln University lysimeter trench facility and 
installed alongside the lysimeters.  
 
3.2.4 Trial setup 
During February (late summer), kale seeds (Brassica oleracea L. (Acephala Group)) were planted 
in each of the lysimeters and soil blocks. The cultivar of kale planted was ‘Regal’. This is a high 
yielding, medium height kale cultivar (PGG Wrightson Seeds 2010) commonly used as a winter 
feed crop in the Canterbury region of New Zealand. The same number of seeds were planted 
within each lysimeter and soil block at a higher than normal density to allow for plant loss. After 
plant establishment, the number of kale plants was thinned down to represent the standard kale 
density on a winter feed system (4.5 kg ha-1). This was approximately five plants per lysimeter 
and soil block. At the time of sowing, 30 g of a lucerne and trace element fertiliser mix was 
applied to each lysimeter and soil block at a rate equivalent to 1600 kg ha-1. This fertiliser mix 
contained: phosphorus (5.5%), potassium (14.7%), sulphur (13.2%), calcium (12.4%), boron 
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(0.37%), and molybdenum (0.02%). At this time, 50 g of lime was also applied to each lysimeter 
and soil block representing 2.5 tonne ha-1. The kale was left to grow until early winter when the 
trial commenced (Figure 3.4).  
 
 
Figure 3.4 Kale growing in lysimeters and a soil block. 
  
3.2.4.1 Treatment application 
The treatments (Table 3.3) were applied in a random design between June 23rd and 29th 2011 
(early winter) to coincide with dry dairy cows grazing an on-farm winter forage crop. The kale 
was removed from each lysimeter and soil block by cutting it off at ground level using handheld 
secateurs prior to treatment application (Figure 3.5). The soil of each lysimeter and soil block 
was wetted up to field capacity by applying 10 mm of stimulated rainfall representing winter soil 
conditions before 100 g of biochar (equivalent to 5 tonnes biochar ha-1) was applied to the soil 
surface of each of lysimeter and soil block that required it. This low biochar application rate was 
due to economic reasons. The biochar used was made from Pinus radiata pyrolysised at 550oC 
prepared by Pacific Pyrolysis (NSW, Australia). It was a finely ground material (c. < 100 µM). 
Table 3.4 outlines the key characteristics of biochar. The soil was then trampled using a 
handheld metal cow hoof (Figure 3.5) which represented a dairy cow walking over the soil. The 
hoof simulated an adult Friesian cow hoof being the same shape and size.  
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Table 3.4 Characteristics of biochar. 
pH 8.6 
Total C 830 (g kg-1) 
Total N 3.1 (g kg-1) 
C/N ratio 269.3 
NO3
- 0.1 (mg N kg-1) 
NH4
+ 5.3 (mg N kg-1) 
 
 
Figure 3.5 Preparing the lysimeters for treatment application. Left: kale removal. Right: 
trampling of the soil. 
 
Prior to urine and DCD application, dairy cow urine was collected from kale-fed non-milking 
dairy cows at Lincoln University Ashley Dene Farm. Once the desired volume of urine was 
collected (80 L), it was taken back to Lincoln University and stored at 4oC until use (within 48 
hours). The N content of the urine was analysed using the LECO CNS-2000 Elementar analyser 
(LECO, NSW, Australia). The N concentration was then adjusted to 7 g N L-1 by adding urea and 
glycine at a 9:1 ratio. This ensured 2 L of urine was equivalent to 700 kg N ha-1 to simulate cow 
urine deposition. The urine was applied using 5 L measuring jugs and carefully poured over the 
surface of each lysimeter and soil block that required it (Figure 3.6). The urine was allowed to 
absorb into the soil prior to 20 ml of DCD being applied to each lysimeter and soil block requiring 
it using a handheld sprayer (Figure 3.6). DCD was applied as a liquid solution with a 
concentration of 18.5 g DCD L-1. For those treatments without urine, 2 L of water was applied 
instead.  
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Figure 3.6 Treatment application. Left: urine application. Right: DCD application. 
 
3.2.5 Water input  
After the trial commenced, the water input was monitored using an onsite data logger. 
Simulated rainfall was used to supplement natural rainfall, to generate a combined annual 
rainfall and irrigation input of 1100 mm, chosen because it is the average water input on dairy 
farms in New Zealand. Simulated rainfall was applied using an electronically controlled metering 
system which delivered the required volume of water to each individual lysimeter and soil block.  
 
3.2.6 Leachate collection 
The volume of leachate collected was measured using a 5 L measuring jug (Figure 3.7). 
Subsamples of the leachate were taken using a 100 ml plastic bottle for NO3
--N and NH4
+-N 
analysis. If the lysimeter had DCD as a treatment, an additional 50 ml subsample was also taken 
for DCD analysis. If significant precipitation occurred, resulting in a greater volume of drainage, 
leachate was collected more frequently.  
 
 
Figure 3.7 Leachate collection from the lysimeters. 
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3.2.7 Second rotation crop 
On October 28th 2011, the lysimeters were sprayed with roundup at a rate of 4 kg ha-1 to kill any 
grass or weeds that had germinated and grown since the initial trampling. Any grass that 
remained after a week was removed and the soil of each lysimeter was worked up using garden 
tools. The soil was then planted (November 3rd 2011) with a short rotation ryegrass (Lolium 
multiflorum L.) which was sowed into each lysimeter at a rate of 20 kg ha-1. Simulated rainfall 
was applied at a rate of 10 mm per day over a three day period to each lysimeter to stimulate 
growth. Planting a second rotation crop is common practice after the winter forage crop has 
been fed to stock. The ryegrass, however, was planted later than expected. 
 
3.2.8 Soil block sampling and extractions 
3.2.8.1 Soil sampling 
Soil cores were collected from the soil blocks on day 0, 1, 7, 21, 52, and 90 after treatment 
application. At each sampling occasion, three soil cores were removed randomly from each soil 
block and bulked into a single sample for analysis (Figure 3.8). The core holes within the soil 
blocks were then backfilled using the same soil and marked so sampling did not occur in that 
spot again. Each bulked soil sample was thoroughly mixed before a subsample was removed and 
placed into a small vial for molecular analysis. The vials were kept at -80oC before molecular 
analysis occurred. The bulk soil for NO3
--N and NH4
+-N analysis was kept at 4oC to prevent sample 
degradation. 
 
 
Figure 3.8 Soil core collection. 
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3.2.8.2 Ammonium-N and nitrate-N soil extractions 
A 5 g soil sample was removed from each bulk soil sample and placed into a centrifuge tube 
(Figure 3.9) before 25 ml of 2 M KCl (Blakemore et al., 1987) was added to each sample. The 
samples were placed onto a Ratek Orbital Mixer and shaken for 60 minutes at 120 rpm. At the 
completion of shaking, all samples were placed into the centrifuge for 10 minutes at 4000 rpm. 
Following this, all samples were filtered using Advantec SC 110 mm filter papers (Figure 3.9) and 
placed in the -20oC freezer until analysis. 
 
 
Figure 3.9 Soil extractions. Left: weighing out soil and Right: filtering samples for a KCl 
extraction. 
 
3.2.8.3 DCD soil extractions 
A 5 g soil sample was removed from each bulk soil sample that had DCD applied and placed into 
a centrifuge tube before 25 ml of deionised water was added to each sample. The samples were 
placed onto a Ratek Orbital Mixer and shaken for 60 minutes at 120 rpm. At the completion of 
shaking, all samples were placed into the centrifuge for 20 minutes at 4000 rpm. Following this, 
all samples were filtered using Advantec SC 110 mm filter papers and placed in the -20oC freezer 
until analysis. 
 
3.2.8.4 Soil moisture 
At each sampling occasion, soil subsamples were also taken to determine the soil moisture 
content at the time of sampling. The soil moisture content was calculated by weighing 8 - 10 g of 
soil into small paper cups and placing them into a soil oven for 24 hours, set at 105oC. After this 
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time, the samples were re-weighed and the soil moisture was determined (Blakemore et al. 
1987) gravimetrically (wet-basis). 
 
3.2.9 Chemical analysis 
The leachate and soil extracts were analysed for NO3
--N and NH4
+-N using a flow injector 
analyser (FIA) (FOSS FIAstar 5000 triple channel analyser) with SoFIA software version 1.30 (Foss 
Tecator AB, Sweden). DCD concentration was analysed on a Shimadzu series High Performance 
Liquid Chromatography (HPLC) (Tokyo, Japan) using a cation-H guard column (Phenomenex, 
USA) and a 0.025 M sulphuric acid mobile phase at a flow rate of 0.6 ml min-1 by UV detection at 
a wavelength of 210 nm. 
 
3.2.10 AOB and AOA gene abundance 
The methodology for the soil AOB and AOA assays followed Di et al. (2009b). Soil samples were 
collected on day 0, 1, 7, 21, 52, and 90 after treatment application. DNA was extracted from 0.4 
g of soil using a MO BIOTM PowerSoil® DNA Isolation Kit (MO BIO Laboratories, GeneWorks Pty 
Ltd, South Australia, Australia) according to the manufacturer’s instructions (Section 3.2.10.1). 
After the extraction process, the samples of DNA were stored at -20oC before analysis. The 
population abundance of both AOB and AOA present within the soil was determined using real-
time quantitative PCR (qPCR) (Section 3.2.10.2) by targeting the functional amoA gene (Di et al. 
2009b). 
 
3.2.10.1 PowerSoil DNA Isolation Kit Protocol  
A 0.4 g sample of frozen soil was weighed and added to the power bead tubes provided. The 
tubes were briefly vortexed and 60 µl of solution C1 was added to each tube. The samples were 
inverted several times before securing them onto a form pad tube holder for vortexing. The 
samples were then vortexed at maximum speed for 10 minutes. Following this, the tubes were 
centrifuged at 10,000 x g for 1 minute at room temperature. The supernatant of each sample 
was transferred into clean 2 ml collection tube and 250 µl of solution C2 was added to each 
sample before vortexing for 5 seconds and incubating at 4oC for 5 minutes. The samples were 
then centrifuged at room temperature for 1 minute at 10,000 x g. Avoiding the pellet that had 
formed, 600 µl of the supernatant was transferred into clean 2 ml collection tubes and 200 µl of 
solution C3 was added to each sample. The samples were vortexed briefly and incubated at 4oC 
for 5 minutes. The samples were then centrifuged at room temperature for 1 minute at 10,000 x 
g. Avoiding the pellet that had formed, 750 µl of supernatant was transferred to clean 2 ml 
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collection tubes. Solution C4 was shaken before use and 1.2 ml was added to each sample. Each 
sample was vortexed for 5 seconds before 675 µl of sample was loaded into a spin filter tube. 
This was then centrifuged at 10,000 x g for 1 minute at room temperature before pouring off the 
flow-through. Another 675 µl of sample was loaded onto the spin filter and centrifuged again at 
10,000 x g for 1 minute at room temperature. The flow through was poured off again before 
loading the remainder of the sample onto the spin filter and centrifuging at 10,000 x g for 1 
minute at room temperature. After the flow through was poured off, 500 µl of solution C5 was 
added onto the spin filter and centrifuged at 10,000 x g for 30 seconds at room temperature. 
Once again, the flow through was poured off and centrifuged again at 10,000 x g for 1 minute at 
room temperature. The spin filter was then carefully removed and placed into a clean 2 ml 
collection tube. To elute the DNA, 100 µl of solution C6 was added onto the centre of the white 
filter membrane of the spin filter and centrifuged at 10,000 x g for 30 seconds at room 
temperature. Once the spin filter had been discarded, the DNA samples were stored at -20oC. 
  
3.2.10.2 Real-time qPCR 
All qPCR reactions were prepared using the CAS-1200 Robotic liquid handling system (Corbett 
Life Science, BioStrategy, Auckland, New Zealand), and the real-time qPCR analysis was 
performed on a Rotor-GeneTM 6000 (Corbett Life Science, BioStrategy, Auckland, New Zealand) 
(Tables 3.5 and 3.6). Both bacterial and archaeal amoA genes were quantified using the 
following PCR primer pairs: amoA1F/amoA2R primers (Rotthauwe et al. 1997) and Arch-
amoAF/Arch-amoAR primers (Francis et al. 2005). The 16 µl reaction mixture was prepared using 
the CAS-1200 and consisted of 8.0 µl of 2x SYBR Premix Ex TaqTM (TaKaRa, Nori Biotech, 
Auckland, New Zealand), 0.4 µl of each primer at 10 µM concentration, and 1.5 µl of 1:10 diluted 
soil genomic DNA. A melting curve analysis was performed to confirm PCR product specificity 
after amplification by measuring fluorescence continuously as the temperature increased from 
50oC to 99oC. Data analysis was then carried out using Rotor-GeneTM 6000 series software 1.7. 
 
Table 3.5 AOB cycling conditions. 
Step Temperature Time # of cycles 
Initial denaturation 94oC   2 minutes 1 
Denaturation 94oC 20 seconds  
Primer annealing 57oC 30 seconds 
Extension 72oC 50 seconds 
Hold   4oC HOLD 1 
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Table 3.6 AOA cycling conditions. 
Step Temperature Time # of cycles 
Initial denaturation 94oC   2 minutes 1 
Denaturation 94oC 20 seconds  
Primer annealing 55oC 30 seconds 
Extension 72oC 30 seconds 
Hold   4oC HOLD 1 
 
For each gene, a standard curve was produced as follows. Bacterial and archaeal amoA genes 
were PCR amplified from extracted DNA with the primers amoA1F/amoA2R and Arch-
amoAF/Arch-amoAR respectively. Using the AxyPrepTM PCR Cleanup Kit (Axygen, Total Lab 
Systems, New Zealand) the PCR products were then purified and cloned into the pGEM-T Easy 
Vector (Promega, In Vitro Technologies, Auckland, New Zealand). Following the manufacturer’s 
instructions, the resulting clones were transformed in Escherichia coli (E. coli) JM109 competent 
cells (Promega, In Vitro Technologies, Auckland, New Zealand). The transformed E. coli cells 
were grown on solid LB plates at 37oC overnight. Ten to fifteen bacterial colonies from the plate 
were then individually inoculated into a 3 ml LB broth medium and incubated overnight in an 
orbital incubator-shaker at 37oC and 250 rpm. The plasmids carrying correct amoA gene inserts 
were then extracted from bacterial cultures using QIA Prep Spin Miniprep Kit (Qiagen, 
BioStrategy, Auckland, New Zealand) and sent for sequencing. The plasmid DNA concentration 
was determined on a QubitTM fluorometer using the Quant-iTTM ds DNA BR Assay Kit (Life 
Technologies, Auckland, New Zealand). The copy numbers of the target genes were then 
calculated directly from the concentration of the extracted plasmid DNA. Tenfold serial dilutions 
of a known copy number of the plasmid DNA were included in each real-time qPCR run (Table 
3.7). Triplicates were used to generate a standard curve and estimate amplification efficiency for 
each assay. 
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Table 3.7 Serial dilutions and concentrations of the AOB and AOA standards. 
AOB AOA 
Dilution Concentration 
(copies µL-1) 
Dilution Concentration 
(copies µL-1) 
-4 4,960,000 -4 596,000 
-5 496,000 -5 59,600 
-6 49,600 -6 5,960 
-7 4,960 -7 596 
-8 496 -8 59.6 
-9 49.6 -9 5.96 
 
 3.2.11 AOB and AOA gene expression 
On day 52, a 1 g soil sample was collected to determine the AOB and AOA activity (amoA 
transcript abundance). The soil was stored at -80oC until use. RNA was extracted using the MO 
BIOTM RNA PowerSoil® Total RNA Isolation Kit (MO BIO Laboratories, GeneWorks Pty Ltd, South 
Australia, Australia), following the manufacturer’s instructions (Section 3.2.11.1). To remove 
residual amounts of genomic DNA, the extracted RNA samples were treated with the TURBO 
DNA-free Kit (Ambion®, Life Technologies, Auckland, New Zealand) (Section 3.2.11.2).First-stand 
cDNA was produced using Superscript III reverse transcriptase (RT) (Life Technologies, Auckland, 
New Zealand) with a random hexamer primer following the manufacturer’s recommendations 
(Section 3.2.11.3) before a real-time PCR was conducted (Section 3.2.10.2). RNA analysis was 
only done on samples from a single sampling date and not on other samples due to resource 
constraints.  
 
3.2.11.1 PowerSoil total RNA Isolation Kit Protocol  
A 1 g sample of frozen soil was placed into 15 ml bead tubes before 2.5 ml of bead solution was 
added. The tubes were briefly vortexed to mix and 0.25 ml of solution SR1 was added to the 
bead tubes. The tubes were briefly vortexed again before 0.8 ml of solution SR2 was added to 
the bead tubes then they were placed on the MP Fastprep®-24 (MP Biomedicals, USA) set at a 
speed of 4.0 ms-1 for 20 seconds. The bead tubes were removed from the MP Fastprep®-24 and 
3.5 ml of phenol:chloroform:isoamyl alcohol was added to each tube. Each sample was then 
vortexed until the biphasic layer had disappeared. The bead tubes were placed back onto the 
MP Fastprep®-24 and vortex at a speed of 4.0 ms-1 for 2 x 20 seconds a with 1 minute rest in 
between. Following this, the bead tubes were removed from the MP Fastprep®-24 and 
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centrifuged at 2500 x g for 10 minutes at room temperature. The bead tubes were then 
removed from the centrifuged and the top the layer was carefully transferred into clean 15 ml 
collection tubes. The remainder of the phenol:chloroform:isoamyl alcohol in the bead tubes was 
then discarded appropriately before 1.5 ml of solution SR3 was added to the aqueous phase in 
the 15 ml collection tubes and vortexed briefly to mix. The samples were then incubated at 4oC 
for 10 minutes. After incubation, the tubes were centrifuged at 2500 x g for 10 minutes at room 
temperature. The supernatant was then transferred to clean 15 ml collection tubes, without 
disturbing the pellet at the bottom, before 5 ml of solution SR4 was added to each collection 
tube containing the supernatant. They were then briefly vortexed before the samples were 
incubated at -20oC for 30 minutes. Following this, the samples were centrifuged for 30 minutes 
at 2500 x g at room temperature. The supernatant was poured off into a waste jar and the tubes 
were inverted onto a paper towel for 5 minutes to allow the pellet to dry. Solution SR5 was 
shaken to mix and 1 ml was added to each of the tubes to re-suspend the pellet completely. If 
the pellet did not re-suspend easily, the tubes were placed in a heat block set at 45oC for 10 
minutes then vortexed. A RNA capture column was prepared for each RNA sample by removing 
the cap of a 15 ml collection tube and placing a RNA capture column inside the 15 ml collection 
tube. Following this, 2 ml of solution SR5 was added to each RNA capture column and allowed to 
gravity flow through the column and collect in the bottom of the tube. Solution SR5 was allowed 
to completely flow through the column but the column was not allowed to dry out prior to 
loading each RNA sample. The isolated RNA sample was added to the RNA capture column and 
allowed to gravity flow through the column and collect in the bottom of the tube. Each column 
was washed with 1 ml of solution SR5 and once again, it was allowed to gravity flow through the 
column and collect in the bottom of the tube. Each RNA capture column was transferred into a 
new 15 ml collection tube. Solution SR6 was shaken before 1 ml was added to the RNA capture 
column to elute the bound RNA into the 15 ml collection tube, via gravity flow. The RNA was 
then transferred into a 2.2 ml collection tube and 1 ml of solution SR4 was added. The tubes 
were inverted to mix and incubated at -20oC for 10 minutes. Following this, the 2.2 ml collection 
tubes were centrifuged at 13,000 x g for 15 minutes at room temperature. The supernatant was 
poured off and the 2.2 ml collection tubes were inverted onto a paper towel for 10 minutes to 
air dry the pellet. The RNA pellet was then re-suspended by adding 100 µl of solution SR7. The 
purified RNA samples were then stored at -80oC until analysis to prevent RNA degradation. 
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Determining RNA concentration 
The RNA concentration was estimated using the Qubit fluorometer and the Quant-iTTM RNA 
Assay Kit (Invitrogen NZ). For each assay, 199 µl Qubit® RNA Buffer and 1 µl of Qubit® RNA 
reagent were added together in a clean tube. The solution was mixed thoroughly and 198 µl of 
the assay solution was transferred into a 0.5 ml qubit tube. A 2 µl sample of RNA was then 
added to each sample. The sample was mixed briefly and incubated at room temperature for 2 
minutes. The RNA concentration was then read using a QubitTM fluorometer (Invitrogen NZ). If 
any sample had a RNA concentration too low to detect, the RNA extraction was repeated.  
 
3.2.11.2 The removal of genomic DNA from RNA 
DNase treatment 
Residual amounts of genomic DNA in a RNA sample can lead to overestimation of gene 
transcripts. Therefore, any genomic DNA present within RNA samples needs to be removed. To 
remove residual amounts of genomic DNA the extracted RNA samples were treated with the 
TURBO DNA-free Kit (Ambion®, Life Technologies, Auckland, New Zealand).   
 
For each reaction, 2 µl 10x TURBO DNase buffer, 1 µl TURBO DNase, 10 µl RNA, and 7 µl 
nuclease-free water were combined in a 200 µl PCR tube and gently mixed. The samples were 
then incubated at 37oC for 30 minutes. After incubation, 2 µl of DNase inactivation reagent was 
added to the samples and mixed well. The samples were incubated at room temperature for 2 
minutes mixing occasionally. The samples were then centrifuged at 10,000 x g for 1.5 minutes 
before the supernatant was transferred into clean tubes. Following this, the RNA concentration 
was determined following the protocols described above (Section 3.2.11.1). To determine 
whether the entire genomic DNA had been removed, a test qPCR with an aliquot of DNase 
treated RNA sample as a template was performed as described above (Section 3.2.10.2). For 
those samples that produced amplification signals at ct values below 30, the DNase treatment 
was repeated because genomic DNA was still present. The same protocols were repeated to 
remove the residual genomic DNA. However, there were two changes; firstly instead of using the 
original RNA extracted, the product from the initial DNase treatment was used. Secondly, the 
samples were incubated for 1 hour at 37oC.  
 
3.2.11.3 First-strand cDNA synthesis 
cDNA was produced using Superscript III reverse transcriptase (RT) (Life Technologies, Auckland, 
New Zealand). The protocols for first-strand cDNA synthesis were as follows: the following 
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components were added to a nuclease-free micro-centrifuge tube: 1 µl 50 - 250 ng of random 
primers, 1 µl 10 mM dNTP mix, and 3 µl nuclease-free water. These reagents combined made 
master mix one. To master mix one, 8 µl of clean RNA was added. The samples were briefly 
vortexed before they were heated to 65oC for 5 minutes and incubated on ice for 2 minutes. The 
contents of each tube were collected by briefly centrifuging. Following this, master mix two was 
prepared by adding together: 4 µl 5x first-strand buffer, 1 µl 0.1 M DTT, 1 µl RNaseOUT 
recombinant RNase inhibitor, and 1 µl of superscript III (RT). This was added to each master mix 
one/RNA sample. The samples were then mixed by pipetting gently up and down. The samples 
were then incubated as followed: 25oC for 5 minutes, 50oC for 50 minutes, and 70oC for 15 
minutes. This final step deactivated the reaction. The cDNA was now ready to be used as a 
template for amplification in PCR. Real-time qPCRs were conducted following the protocol as 
stated above in Section 3.2.10.2. 
 
3.2.12 Statistical analysis 
Annual NO3
--N leaching losses were calculated using the NO3
--N concentrations in, and volume 
of, the leachate collected from each lysimeter. Average annual NO3
--N leaching losses were then 
calculated using the four replicates. Mean values and standard errors of the means for NO3
--N 
leaching losses, NO3
--N concentrations, DCD concentrations, and ammonia oxidiser populations 
were calculated based on the four replicates for each treatment using Microsoft Excel 2010 
(Microsoft Corporation, USA). For both the leachate and the soil block data a 2 x 2 + 1 factorial 
design was used. P-values, main effects, and interactions were calculated following analysis of 
variance (ANOVA) using Genstat© (Version 15.1, VSN International Ltd, U.K.).  
 
3.3 Field studies 2012 
3.2.1 Experimental design 
To investigate the that impact cow urine, DCD, and trampling had on NO3
--N leaching from urine 
patches deposited during dairy winter forage grazing and to explore the roles of ammonia 
oxidisers, a second field trial was employed. Once again there was a lysimeter study and 
companion soil blocks.  
 
Eight different treatments (Table 3.8), each with four replicates were applied to the lysimeters 
and soil blocks in a random design to reduce the effect of any environmental variability across 
the trial site. The lysimeters were used to determine NO3
--N leaching losses that resulted from 
the different treatments. Four weeks prior to treatment application, leachate collection began to 
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determine the background NO3
--N and NH4
+-N concentrations within the leachate. The soil 
blocks were used for destructive soil sampling to determine the soil nitrification rates and 
ammonia oxidiser populations. The soil core sampling was kept separate from the lysimeters to 
eliminate the soil disturbance effect. 
 
Table 3.8 Treatments applied to the 2012 field studies. 
Treatment Urine 
(kg N ha-1) 
DCD 
(kg DCD ha-1) 
Trampling 
Control trampled 0 0 Trampled 
Control un-trampled 0 0 Un-trampled 
Control + DCD trampled 0 20 Trampled 
Control + DCD un-trampled 0 20 Un-trampled 
Urine trampled 400 0 Trampled 
Urine un-trampled 400 0 Un-trampled 
Urine + DCD trampled 400 20 Trampled 
Urine + DCD un-trampled 400 20 Un-trampled 
 
3.3.2 Lysimeter collection and installation 
Following the protocols outlined in Section 3.2.2, new lysimeters were collected. 
 
3.3.3 Soil block construction 
New soil blocks were constructed in an area located next to the lysimeter trench facility. An area 
of approximately 7 metres by 4 metres was excavated to a depth of approximately 35 cm and 
filled with sand to allow for suitable drainage. Metal soil rings with a diameter of 50 cm and a 
depth of 15 cm were placed on top of the sand. The area around the outside of the soil rings was 
then backfilled using the soil that had previously been dug out. A trailer-load of Balmoral stony 
silt loam was collected from the top 10 cm of the soil profile from Lincoln University Ashley Dene 
Farm. Any stones larger than 5 cm in diameter were removed from the soil during collection. 
Each soil ring was filled with soil (Figure 3.10) and lightly trampled on to represent a standard 
cultivated paddock, ready for the transplanting of kale. 
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Figure 3.10 Construction of soil blocks. 
 
3.3.4 Trial setup 
During March, kale seedlings were transplanted from the Lincoln University Ashley Dene Farm 
into each of the lysimeters and soil blocks. The kale cultivar was ‘Regal’ and the seedlings were 
transplanted into the lysimeters and soil blocks because there were difficulties in getting a 
successful strike rate from seed (the seedlings had been growing at Ashley Dene since 22nd 
November 2011). The same number of plants was transferred into each lysimeter and soil block 
representing the standard kale density on a winter feed system (4.5 kg ha-1). After the kale was 
transplanted, 2 g of potassic super was applied to each lysimeter and soil block (application rate 
100 kg ha-1). The kale was left to grow within the lysimeters and soil blocks until early winter, 
when the trials commenced (Figure 3.11).  
 
 
Figure 3.11 Kale growing before the start of trial. Left: field blocks. Right: lysimeters. 
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3.3.4.1 Treatment application 
The treatments (Table 3.8) were applied in a random design between June 18th and 21st 2012 
(early winter) to coincide with dry dairy cows grazing an on-farm winter forage crop. Animal 
grazing was simulated by cutting the kale off at ground level using handheld secateurs (Figure 
3.5). After simulated grazing, DCD (equivalent to 20 kg DCD ha-1) was applied to the lysimeters 
and soil blocks requiring it using the same protocols as the previous year (Section 3.2.4.1). Once 
the DCD solution had been absorbed into the soil, each lysimeter and soil block was wetted up 
to field capacity by applying 10 mm of simulated rainfall to represent winter conditions. 
Following this, the lysimeters and soil blocks that required trampling were trampled using a 
handheld metal cow hoof.  
 
Two days before urine application, 128 L of fresh kale-fed dairy cow urine was collected and 
stored until use (see Section 3.2.4.1). Cow urine was applied at a rate of 400 kg N ha-1. This was 
lower than previously used due to recent research determining kale-fed dairy cow urine-N 
concentration was lower than previously suggested (Rugoho 2013). Following the protocol 
described in Section 3.2.4.1, the N content of the urine was tested and adjusted to 4 g N L-1 
(equivalent to 400 kg N ha-1), then applied to the lysimeter and soil blocks which required it 
(Figure 3.6).  
  
3.3.5 Water input  
Following the protocols outlined in Section 3.2.5, simulated rainfall was applied to each 
lysimeter and soil block. 
 
3.3.6 Leachate collection 
Following the protocols outlined in Section 3.2.6, leachate was collected. 
 
3.3.7 Second rotation crop 
In late August, a cereal crop of oats (Avena sativa L.) was planted into each lysimeter and soil 
block. The oat seeds were planted at a rate of 120 kg ha-1 and 100 kg ha-1 of 15% potassic super 
was applied to each of the lysimeters and soil blocks. In late November, the oats were harvested 
from each lysimeter by cutting them off just above ground level. Soil collection from the 
companion soil blocks had finished at this time, therefore the oats from the soil blocks were not 
harvested. Two weeks after harvest, the lysimeters were sprayed using 3 L ha-1 of roundup in 
150 L of water. This was in preparation for the next rotation of kale to be planted. At the time of 
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oat harvest, the number of oat plants within each lysimeter was counted and the removed oats 
were dried, weighed, and ground before being analysed for total N and total C on the LECO CNS-
2000 Elementar analyser (LECO, NSW, Australia). 
 
3.3.8 Soil block sampling and extractions 
3.3.8.1 Soil sampling 
Soil cores were collected on day 7, 21, 37, 50, 63, 83, 106, and 125 after treatment application 
following the protocols outlined in Section 3.2.8.1. 
 
3.3.8.2 Ammonium-N and nitrate-N soil extractions 
Following protocols outlined in Section 3.2.8.2, NO3
--N and NH4
+-N extractions were conducted.  
 
3.3.8.3 DCD soil extractions 
From the soil samples collected in Section 3.3.8.1, DCD soil extractions were conducted following 
protocols outlined in Section 3.2.8.3. 
  
3.3.8.4 Soil moisture  
At each sampling occasion, the soil moisture content was determined following the protocols 
outlined in Section 3.2.8.4. 
  
3.3.9 Chemical analysis 
The leachate and soil extracts were analysed following the protocols outlined in Section 3.2.9. 
  
3.3.10 Soil AOB and AOA gene abundance 
On day 7, 21, 37, 50, 63, 83, 106, and 125 after treatment application, DNA was extracted using 
a MO BIOTM PowerSoil® DNA Isolation Kit (MO BIO Laboratories, GeneWorks Pty Ltd, South 
Australia, Australia) following the manufacturer’s instructions (Section 3.2.10.1). The AOB and 
AOA abundance was determined by undertaking a real-time qPCR (Section 3.2.10.2).  
 
3.3.11 Soil AOB and AOA gene expression 
On day 37 the AOB and AOA activity (amoA transcript abundance) was determined using the 
stored samples. RNA was extracted using the CTAB RNA extraction protocols (Griffiths et al. 
2000) (Section 3.3.11.1), followed by DNase treatment using Turbo DNA-free Kit (Ambion®, Life 
Technologies, Auckland, New Zealand) and PCR inhibitor removal using Zymo-Spin IV-HRC clean-
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up columns (Zymo Research, Ngaio Diagnostics Ltd. Auckland, New Zealand) (Section 3.3.11.2). 
First-strand cDNA was produced from the RNA using using Superscript III reverse transcriptase 
(RT) (Life Technologies, Auckland, New Zealand) with a random hexamer primer following the 
manufacturer’s recommendations (Section 3.2.11.3). RNA analysis was only done on samples 
from a single sampling date and not on other samples due to resource constraints. 
 
3.3.11.1 CTAB RNA extraction protocol 
As preparation for RNA extraction, three steps were required. To start with, 0.25 g of ceramic 
beads was added to 2 ml screw-capped micro-centrifuge tubes. Secondly, equal volumes of 10% 
CTAB in 0.7 M NaCl and 240 mM KPO4 buffer were added to make a modified CTAB buffer. 
Finally, the micro-centrifuge was cooled down to 4oC. 
 
The RNA extraction process started with 0.3 g of soil being added to the 2 ml screw-capped 
tubes with the ceramic beads in. To these tubes, 0.5 ml of pre-warmed modified CTAB buffer 
was added and briefly vortexed before placing on ice. 0.5 ml of phenol:chloroform:isoamyl 
alcohol (25:24:1) was added while keeping samples on ice. The samples were placed into the MP 
Fastprep®-24 (MP Biomedicals, USA) and vortexed at a speed of 6.0 ms-1 for 3 x 40 seconds with 
a 2 minute rest in between on ice. Following this, the samples were then centrifuged at 16,000 x 
g for 5 minutes at 4oC. The aqueous top layer was removed and placed into clean 1.5 ml tubes, 
avoiding disturbance and carryover of the lower layers. An equal volume of chloroform:isoamyl 
alcohol (24:1) was added to the tubes before the samples were briefly vortexed and centrifuged 
at 16,000 x g for 5 minutes at room temperature. Once again, the aqueous top layer was 
removed from each sample avoiding the middle layer, and placed into a clean 1.5 ml tube. Two 
times the volume of PEC/NaCl solution was added into each sample before the tubes were 
mixed well by inverting. The samples were then incubated for 3 hours at 4oC. After incubation, 
the samples were centrifuged at 18,000 x g for 10 minutes at 4oC. After centrifuging, a small 
insoluble pellet formed at the bottom of each tube. The supernatant in each tube was poured 
off before the pellet was washed with 350 µl of ice cold 70% ethanol. The samples were then 
centrifuged at 18,000 x g for 10 minutes at 4oC. The ethanol was then carefully discarded and the 
pellet was left to dry for 5 minutes. Finally, the pellet was re-suspended in 25 µl of DEPC treated 
water by adding the water on top of the pellet and pipetting up and down. At this point in time, 
the samples were either stored at -80oC or underwent DNase treatment and inhibitor removal 
procedures (Section 3.3.11.2).   
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Agarose gel electrophoresis analysis 
In order to check the integrity of the extracted RNA and identify the presence of any genomic 
DNA in the RNA samples, agarose gel electrophoresis analysis was performed immediately 
following the extraction. A 1.1% agarose gel was made by combining 5.5 g agarose, 500 ml 1x 
TBE buffer, and 10 µl ethidium bromide. The agarose and TBE buffer were heated in a 
microwave oven until the agarose crystals had completely dissolved. The solution was then 
allowed to cool to 70oC before the ethidium bromide was added. Following this, the gel was 
poured into a gel casing and allowed to set before 4 µl of Hyper ladder I molecular marker was 
loaded into the gel. Followed by 4 µl of RNA mixed with 1 µl of 5x DNA loading buffer. Each RNA 
sample was loaded into the gel before the gel was run for 40 minutes at 80 volts. The gel was 
subsequently analysed under UV light using UV transilluminator (UVP) and the Doc-ItLS 
computer program.  
 
3.3.11.2 DNase treatment and inhibitor removal 
To the RNA samples that were extracted using the CTAB method, DNase treatment and inhibitor 
removal was required. To 20 µl of RNA: 1 µl of TURBO DNase, 3 µl of 10x TURBO DNase buffer, 
and 6 µl of DEPC treated water was added. All reagents came from the TURBO DNA-free Kit 
(Ambion®, Life Technologies, Auckland, New Zealand). The samples were gently mixed with a 
pipette and incubated for 30 minutes at 37oC. Following this, the reaction was inactivated by 
adding 3 µl of DNase inactivation reagent. The samples were then incubated for 5 minutes at 
room temperature, mixing occasionally. The samples were then centrifuged at 10,000 x g for 1.5 
minutes at room temperature. The top layer containing the RNA was then transferred into clean 
1.5 ml tubes. Zymo-spin IV-HRC columns (Zymo Research, Ngaio Diagnostics Ltd. Auckland, New 
Zealand) were then prepared by snapping off the base before placing them into collection tubes 
before centrifuging at 8,000 x g for 3 minutes. The columns were placed into clean collection 
tube before 30 µl of RNA mix was transferred into the columns. The columns were centrifuged at 
8,000 x g for 1 minute resulting in application ready RNA. The RNA concentration was 
determined, following the protocols described above (Section 3.2.11.1). 
 
The integrity of the extracted RNA samples and potential genomic DNA contamination was 
established using agarose gel electrophoresis and qPCR analysis as described in Sections 3.2.10.2 
and 3.3.11.1 with RNA being the template. If either of the tests failed, a repeated DNase 
treatment or RNA re-extraction was undertaken. Once it has been determined that all genomic 
73 
 
DNA was removed from each RNA sample, the samples were used in first-stand cDNA synthesis 
(Section 3.2.11.3).  
 
3.3.12 Statistical analysis 
Following the protocols outlined in Section 3.2.12, statistical analysis was undertaken. A basic 1 x 
1 factorial design was used for both the leachate and soil block data, however there were no 
main effects or interactions determined in this chapter.  
 
3.4 Incubation study 
3.4.1 Experimental design 
An incubation study investigated the effect that different cow urine application rate, DCD 
application rates, and biochar had on soil nitrification rates and ammonia oxidisers under dairy 
winter forage grazing conditions. 
  
The Balmoral stony silt loam soil was collected from the Lincoln University Ashley Dene Farm. 
Prior to starting, 100% water holding capacity (field capacity) of the soil was calculated. This 
determined whether the soil needed to be wetted or dried prior to treatment application and 
allowed the soil moisture content to be maintained at field capacity throughout the trial by 
adding deionised water. A randomised block design was chosen to reduce the effect of airflow 
and temperature variation within the incubator. Ten different treatments were blocked in four 
replicates (Table 3.9). Plastic honey pots referred to as ‘pottles’ were used. They had a volume of 
1000 ml and were chosen as they allowed enough soil for the duration of the trial. 
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Table 3.9 Treatments applied to the soil for the incubation experiment. 
Treatment Urine 
(kg N ha-1) 
DCD 
(kg DCD ha-1) 
Biochar 
(tonnes biochar ha-1) 
Control 0 0 0 
DCD 0 20 0 
Urine 500 500 0 0 
Urine 700 700 0 0 
Urine 500 + DCD 10 500 10 0 
Urine 500 + DCD 20 500 20 0 
Urine 700 + DCD 10 700 10 0 
Urine 700 + DCD 20 700 20 0 
Urine + biochar 700 0 1.75 
Urine + DCD + biochar 700 20 1.75 
 
3.4.2 Trial setup 
On December 12th 2011, 20 kg of Balmoral stony silt loam soil was collected from the top 10 cm 
of the soil profile from the Lincoln University Ashley Dene Farm. At the time of collection, the 
soil was sieved into large 20 L buckets using a 5 mm sieve. This removed all stones from the soil 
and resulted in a uniform soil. The soil was then transported back to Lincoln University where 
the buckets of soil were stored at 4oC.  
 
On January 20th 2012, 500 g of dry soil was weighed out for each pottle. It was important to 
ensure an accurate weight of soil was measured as the moisture content could have been 
affected if not. Biochar was applied to the pottles requiring it at this time. Two grams of biochar 
(equivalent to 1.75 tonnes biochar ha-1) was uniformly mixed into the soil by placing both the 
soil and biochar into a plastic bag and shaking well. This low biochar application rate was used 
for economic reasons. The biochar used was made from Pinus radiata pyrolysis at 550oC (Pacific 
Pyrolysis, NSW, Australia). The characteristics of biochar are shown in Table 3.4. Once all soil 
pottles were filled with soil (and biochar), each pottle was tapped on the bench twice to settle 
the soil. A lid with two aeration holes (0.5 cm diameter) was then placed on top of each pottle. 
The pottles were placed into an incubator set at 10oC for one week so that pre-incubation 
equilibrium could occur (incubation prior to the remainder of the treatments being applied) 
(Figure 3.12). During this period, the soil moisture content was maintained at field capacity. To 
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maintain the moisture content, deionised water was added to the individual pottles by weight. 
The soil was then well mixed ensuring the structure of the soil was maintained.  
 
 
Figure 3.12 Pottles in the incubator. 
 
The treatments (Table 3.9) were assigned in a random block design to the pottles. Biochar was 
applied on January 20th 2012 while urine and DCD were applied on the January 31st 2012. The 
urine used was fresh dairy cow urine from grass-fed lactating cows. This was collected from 
Lincoln University Research Dairy Farm two days prior to treatment application. Following the 
protocols outlined in Section 3.2.4.1, the urine-N content was measured and corrected to 500 kg 
N ha-1 and 700 kg N ha-1. The urine was applied by pouring 30 ml (500 kg N ha-1) or 42 ml (700 kg 
N ha-1) of urine evenly over the soil surface to those pottles which require it. The two different 
DCD concentrations were made up by adding 83.3 mg of DCD to 100 ml deionised water for 10 
kg DCD ha-1 and by adding 166.6 mg of DCD to 100 ml deionised water for 20 kg DCD ha-1. Using 
an auto-pipette 5 ml of DCD in solution was applied to the relevant pottles after urine addition. 
 
Following treatment application, the soil moisture content was adjusted to field capacity by 
adding deionised water. Soil within each pottle was then thoroughly mixed while maintaining 
the soil structure. The pottles were then placed back into the incubator which remained at 10oC. 
Throughout the trial period, the soil moisture content was maintained at field capacity. This was 
achieved by checking the weight of each pottle twice weekly and adjusting to the desired weight 
with deionised water.  
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3.4.3 Field capacity of the soil  
The field capacity of the soil was measured prior to treatment application. This was determined 
by saturating (with water) three soil cores with a volume of 302 g cm-1 (packed to a bulk density 
of 1.0 g cm-1) on a tension table set at -10 kPa and allowing them to reach equilibrium over a 
three day period. The moisture content of the soil samples was then measured gravimetrically. 
The soil was weighed and dried (at 105oC for 24 hours) and weighed again to calculate the field 
capacity gravimetrically (wet-basis).  
 
3.4.4 Soil extractions 
Subsamples of soil were collected on day 1, 7, 14, 21, 28, 42, 56, 70, 86, and 112 after treatment 
application. On the same day before sample collection the soil moisture content of each pottle 
was adjusted to 100% water holding capacity and mixed. A subsample of soil was removed from 
each pottle and placed into a small vial for molecular analysis. These samples were kept at -80oC 
until analysis. For NO3
--N and NH4
+-N analysis the protocols outlined in Section 3.2.8.2 were 
followed. For DCD analysis the protocols outlined in Section 3.2.8.3 were followed.  
 
3.4.5 Soil moisture  
At each sampling occasion, the soil moisture content was determined following the protocols 
outlined in Section 3.2.8.4. 
 
3.4.6 Chemical analysis 
The soil extracts were analysed following the protocols outlined in Section 3.2.9. 
 
3.4.7 Soil AOB and AOA gene abundance 
On day 1, 7, 14, 21, 28, 42, 56, 70, 86, and 112 after treatment application, DNA was extracted 
using the MO BIOTM PowerSoil® Total DNA Isolation Kit (MO BIO Laboratories, GeneWorks Pty 
Ltd, South Australia, Australia) following the manufacturer’s instructions (Section 3.2.10.1) and 
the AOB and AOA abundance was determined using a real-time qPCR (Section 3.2.10.2). 
 
3.4.8 Soil AOB and AOA gene expression 
On day 56, a 1 g soil sample was collected to determine the AOB and AOA activity (amoA 
transcript abundance). The soil was stored at -80oC until use. RNA was extracted using the MO 
BIOTM RNA PowerSoil® Total RNA Isolation Kit (MO BIO Laboratories, GeneWorks Pty Ltd, South 
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Australia, Australia), following the manufacturer’s instructions (Section 3.2.11.1). To remove 
residual amounts of genomic DNA, the extracted RNA samples were treated with TURBO DNA-
free Kit (Ambion®, Life Technologies, Auckland, New Zealand) (Section 3.2.11.2). First-stand 
cDNA was produced using Superscript III reverse transcriptase (RT) (Life Technologies, Auckland, 
New Zealand) with a random hexamer primer following the manufacturer’s recommendations 
(Section 3.2.11.3) before a real-time PCR was conducted (Section 3.2.10.2). RNA analysis was 
only done on samples from a single sampling date and not on other samples due to resource 
constraints. 
 
3.4.9 Statistical analysis 
A regression analysis was performed on the ammonium oxidation rate versus the incubation 
period. The following first order degradation equation (Equation 3.1) was used to describe the 
ammonium oxidation within the soil: 
 
                                Equation 3.1 
 
Where y is the ammonium concentration within the soil (mg NH4
+-N kg-1 soil), t is the period of 
incubation (days), k is the ammonium oxidation rate constant, and a is a constant. The 
ammonium oxidation rate constants and half-lives were estimated based on the regression. 
 
Mean values and standard errors of the means for NO3
--N concentrations, DCD concentrations, 
and ammonia oxidiser populations were calculated based on the four replicates for each 
treatment using Microsoft Excel 2010 (Microsoft Corporation, USA). Two different factorial 
designs were used, the first a 2 x 3 design, and the second 2 x 2 + 1 design. P-values, main 
effects, and interactions were calculated following analysis of variance (ANOVA) using Genstat© 
(Version 15.1, VSN International Ltd, U.K.).  
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Chapter 4 The Effect of Cow Urine, DCD, and Biochar on 
Nitrate Leaching and Soil Ammonia Oxidising 
Populations under Dairy Winter Forage Grazing 
Conditions 
 
4.1 Introduction 
The loss of NO3
- through leaching has significant environmental and ecological consequences e.g. 
ground and surface water quality degradation through eutrophication and potential human 
health issues (Hooda et al. 2000; Di & Cameron 2002b; Powlson et al. 2008). 
 
Nitrate-N leaching losses have previously been quantified for grazed grassland systems (Silva et 
al. 1999; Di & Cameron 2002a, 2005; Shepherd et al. 2010). However, NO3
--N leaching losses 
have not yet been quantified under dairy winter forage grazing conditions. Quantifying the 
concentration and amount of NO3
--N lost from dairy winter forage grazing systems is important 
because these systems are located on free-draining soils with the potential to leach large 
quantities of NO3
-. Furthermore, the stocking rates are greater than on the milking platform 
resulting in more urine depositions and greater animal trampling. In addition, the soil is bare 
(after grazing), wet, cold, and is draining over the winter period. These differences in 
environmental conditions have the potential to lead to greater water quality degradation 
through eutrophication.  
 
With NO3
- having a significant impact on the environment, a number of mitigation tools have 
been developed. One key mitigation tool is the nitrification inhibitor DCD. By adding DCD to the 
soil, the AMO enzyme located within ammonia oxidisers is inhibited, resulting in the microbes 
being unable to access NH3. Consequently, nitrification cannot proceed thus soil NO3
--N 
concentrations decrease (Di & Cameron 2002b; Di et al. 2009a). DCD has been shown to reduce 
NO3
--N leaching losses by 42 - 76% (Di & Cameron 2002b). Biochar is another potential mitigation 
tool (Lehmann & Joseph 2009). Biochar has the potential to reduce NO3
- accumulation within the 
soil by adsorbing the NH4
+ from the soil solution (Steiner et al. 2008) thus making it unavailable 
for nitrification. However, unlike DCD, the effectiveness and economic viability of biochar is 
relatively unknown.  
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Ammonia oxidisers are an important part of the nitrification process as they mediate the 
ammonia oxidation step. It has previously been determined that both AOB and AOA mediate the 
nitrification process in soils (Leininger et al. 2006; Di et al. 2009b; Di et al. 2010; Tourna et al. 
2011). However, recent research has shown that AOB mediates the nitrification process under 
high N loading conditions (Di et al. 2009b). In comparison, AOA have been shown to mediate 
nitrification under the more extreme conditions e.g. extreme salinity, pH, and low fertility 
(Valentine 2007). Despite the importance of the nitrification process within pastoral farming 
systems and the associated NO3
- leaching losses, it was unclear if nitrification was driven by AOB 
or AOA under dairy winter forage grazing conditions. 
 
Thus the aims of this trial were to: (i) quantify NO3
--N leaching losses from cow urine patches 
deposited during dairy winter forage grazing; (ii) quantify the effect of DCD, biochar, and DCD + 
biochar on NO3
--N leaching losses under dairy winter forage grazing conditions; and (iii) 
determine effect of cow urine, DCD, and biochar on the abundance and activity of AOB and AOA 
populations under dairy winter forage grazing conditions. 
 
4.2 Materials and methods 
4.2.1 Lysimeter study 
4.2.1.1 Design of the lysimeter study 
Twenty soil monolith lysimeters, measuring 50 cm in diameter and 70 cm deep, were collected 
from the Lincoln University Ashley Dene Farm (43o 39’ 2” S; 172o 19’ 45” E) following the 
protocol outlined in Section 3.2.2 and transported back to Lincoln University for installation (see 
Section 3.2.2) into the field trench lysimeter facility (43o 38’ 52” S; 172o 28’ 7” E).   
 
In February 2011, kale seeds were sown into each of the lysimeters (see Section 3.2.4). After 
germination, the kale plants were thinned to represent the standard kale density on a winter 
feed system (4.5 kg ha-1). The kale was then left to grow until early winter when the trial 
commenced.  
 
4.2.1.2 Treatment application  
Five different treatments (Table 4.1), each with four replicates were applied onto the lysimeters 
in a random design following the protocols outlined in Section 3.2.4.1. Each treatment was 
applied between June 23rd and 29th 2011 immediately after simulated grazing of the kale. The 
water input was maintained after treatment application following the protocols outlined in 
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Section 3.2.5. A second rotation crop was planted November 3rd 2011 following the protocols 
outlined in Section 3.2.7. 
 
Table 4.1 Treatments applied to the soil. 
Treatment Urine 
(kg N ha-1) 
DCD 
(kg DCD ha-1) 
Biochar 
(tonnes biochar ha-1) 
Control 0 0 0 
Urine 700 0 0 
Urine + DCD 700 20 0 
Urine + biochar 700 0 5 
Urine + DCD + biochar 700 20 5 
 
4.2.1.3 Leachate collection and sample analysis  
Leachate collection began six weeks prior to treatment application to determine the background 
levels of NO3
--N and NH4
+-N present in the soil and ended in early May the following year. 
Leachate was collected either when the drainage volume was greater than 200 ml, or weekly. All 
leachate samples were analysed for NO3
--N and NH4
+-N through FIA (Tecator Inc., Sweden) and 
the samples that had DCD as a treatment were analysed using HPLC (Shimadzu, Japan) (see 
Section 3.2.9).  
 
4.2.2 Companion soil blocks 
4.2.2.1 Design of the soil block  
For each lysimeter there was a corresponding soil block, measuring 50 cm in diameter and 7.5 
cm deep, for destructive soil sampling. The blocks were collected from the Lincoln University 
Ashley Dene Farm following the protocols outlined in Section 3.2.3 and placed next to the 
lysimeters at Lincoln University. In February 2011, kale seeds were sown into each of the soil 
blocks (see Section 3.2.4). After germination, the number kale plants were thinned to represent 
the standard kale density on the winter feed system (4.5 kg ha-1). The kale was then left to grow 
until early winter when the trial commenced.  
 
4.2.2.2 Treatment application 
The treatments (Table 4.1) were the same as that of the lysimeter study and were applied 
following the protocols outlined in Section 3.2.4.1. Each treatment was applied between June 
23rd and 29th 2011 immediately after simulated grazing of the kale.  
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4.2.2.3 Soil sample collection and sample analysis 
Soil cores were collected on day 0, 1, 7, 21, 52, and 90 after treatment. At each sampling 
occasion, three soil cores were removed from each soil block and bulked into a single sample for 
analysis. Following the protocols in Section 3.2.8, each soil sample was analysed to determine 
the NO3
--N and NH4
+-N concentrations while the samples that had DCD as part of the treatment 
were also analysed for DCD concentration. The soil extracts were analysed for NO3
--N and    
NH4
+-N using FIA (Tecator Inc., Sweden) and for DCD using HPLC (Shimadzu, Japan) ) (see Section 
3.2.9). 
 
4.2.2.4 Soil AOB and AOA assays 
From the soil samples collected on day 0, 1, 7, 21, 52, and 90 after treatment, the population 
abundance of AOB and AOA present within the soil was determined using real-time qPCR by 
targeting the functional amoA gene (Di et al. 2009b). All fresh soil samples (subsampled from the 
bulk soil sample) were stored at -80oC before DNA extraction and analysis. 
 
DNA was extracted from 0.4 g frozen soil using the MO BIOTM PowerSoil® DNA Isolation Kit (MO 
BIO Laboratories, GeneWorks Pty Ltd, South Australia, Australia) according to the 
manufacturer’s instructions outlined in Section 3.2.10.1. After the extraction process, the 
samples of DNA were stored at -20oC before analysis.  
 
On day 52 after treatment application, a 1 g sample of soil was collected for RNA analysis, to 
determine microbial activity. The soil was stored at -80oC until use. RNA was extracted using the 
MO BIOTM RNA PowerSoil® Total RNA Isolation Kit (MO BIO Laboratories, GeneWorks Pty Ltd, 
South Australia, Australia), following the manufacturer’s instructions outlined in Section 
3.2.11.1. To remove residual amounts of genomic DNA, the extracted RNA samples were treated 
with the TURBO DNA-free Kit (Ambion®, Life Technologies, Auckland, New Zealand) (Section 
3.2.11.2). cDNA was produced using Superscript III reverse transcriptase (RT) (Life Technologies, 
Auckland, New Zealand) (Section 3.2.11.3). RNA analysis was only done on samples from a single 
sampling date and not on other samples due to resource constraints.   
 
Real-time qPCRs were performed using the protocols outlined in Section 3.2.10.2. 
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4.2.3 Statistical analysis 
Annual NO3
--N leaching losses were calculated using the NO3
--N concentrations in, and volume 
of, the leachate collected from each lysimeter. Average annual NO3
--N leaching losses were then 
calculated using the four replicates. Mean values and standard errors of the means for NO3
--N 
leaching losses, NO3
--N concentrations, DCD concentrations, and ammonia oxidiser populations 
were calculated based on the four replicates for each treatment using Microsoft Excel 2010 
(Microsoft Corporation, USA). For both the leachate and the soil block data a 2 x 2 + 1 factorial 
design was used. P-values, main effects, and interactions were calculated following analysis of 
variance (ANOVA) using Genstat© (Version 15.1, VSN International Ltd, U.K.).  
 
4.3 Results 
4.3.1 Climatic and drainage data 
The average daily air temperature varied from 0.6oC in August 2011 to 20.5oC in January 2012, 
with an average of 11.1oC for the study period (Figure 4.1). The total annual water input from 
both rainfall and supplementary irrigation reached 1384 mm (Figure 4.2). An average of 733 mm 
of drainage water was collected from the lysimeters which accounted for 53% of the total annual 
inputs. 
 
 
Figure 4.1 Daily average air temperatures for the trial period. 
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Figure 4.2 Cumulative water inputs and drainage for the trial period. 
 
4.3.2 Nitrate-N concentration in leachate 
The concentration of NO3
--N versus cumulative drainage for each treatment is shown in Figure 
4.3. Nitrate-N concentrations for the lysimeters were at background levels over the first 100 mm 
of drainage. Peak NO3
--N concentrations were recorded at 350 mm of drainage for the urine only 
(236 mg NO3
--N L-1) and the urine + biochar treatments (211 mg NO3
--N L-1). In comparison, the 
urine + DCD + biochar treatment peaked later at 460 mm of drainage (124 mg NO3
--N L-1). 
Similarly, the urine + DCD treatment the peak occurred at 470 mm (171 mg NO3
--N L-1). In 
contrast, no substantial peak was observed for the control treatment. Thus the urine 
treatment’s peak NO3
--N concentration was significantly (p < 0.001) greater. Significant (p = 
0.002) reductions in peak NO3
--N concentration were seen in the urine + DCD (28%) and the 
urine + DCD + biochar (48%) treatments compared to the urine only treatment (Table 4.2). There 
was no significant difference between the urine only and urine + biochar treatments.  
 
Overall, a non-significant reduction in peak NO3
--N concentration was seen with the use of 
biochar (Table 4.3). However, a highly significant (p = 0.002) reduction in peak NO3
--N 
concentration was identified with the use of DCD in both the presence and absence of biochar. 
 
There was no significant difference observed when comparing the drainage volumes (Tables 4.2 
and 4.3). 
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Figure 4.3 Nitrate-N concentration in drainage water as affected by applications of cow urine-
N, DCD, and biochar. The error bars represent standard error of the mean. 
 
 
Table 4.2 Summary of peak nitrate-N concentrations, total nitrate-N leached, and drainage. 
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Treatment Peak NO3
--N  
concentration 
(mg NO3
--N L-1) 
% Reduction 
by DCD 
and/or 
biochar 
Total NO3
--N 
leached 
(kg NO3
--N ha-1) 
% Reduction 
by DCD 
and/or 
biochar 
Total 
drainage 
(mm) 
Control 13 - 32 - 765 
Urine only 236 - 379 - 722 
Urine + DCD 171 28% 237 38% 715 
Urine + biochar 211 NS 336 NS 775 
Urine + DCD + 
biochar 
124 48% 203 46% 715 
LSD (5%) 58 - 82 - 72 
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Table 4.3 ANOVA analysis of peak nitrate-N concentrations, total nitrate-N leached, and 
drainage. 
 
4.3.3 Cumulative nitrate-N leaching losses   
The cumulative amount of NO3
--N leached from each treatment is shown in Figure 4.4. The urine 
only treatment had the greatest amount of NO3
--N leached at 379 kg NO3
--N ha-1. In comparison 
the urine + DCD + biochar treatment showed the lowest amount of NO3
--N leached at 203 kg 
NO3
--N ha-1. The urine + biochar and urine + DCD treatments had values of 336 kg NO3
--N ha-1 
and 237 kg NO3
--N ha-1 respectively (Table 4.2). Compared to the urine only treatment, NO3
--N 
leaching losses significantly (p < 0.001) reduced by 38% when DCD was applied and by 46% when 
DCD + biochar was applied. There was no significant effect when biochar was applied. 
 
The control had considerably lower mean total NO3
--N leaching losses (Figure 4.4). Thus the 
urine treatment’s total NO3
--N leaching losses were significantly (p < 0.001) greater.   
 
Overall, the use of DCD in the presence of urine caused a significant (p < 0.001) reduction in the 
total amount of NO3
--N leached. There was no statistically significant reduction in total NO3
--N 
leached with the use of biochar (Table 4.3).   
 
 Peak NO3
--N 
Concentration 
(mg NO3
--N L-1) 
Total NO3
--N leached 
 
(kg NO3
--N ha-1) 
Total drainage 
 
(mm) 
mean P value mean P value mean P value 
DCD 
main effect 
    Nil = 224 0.002    Nil = 358 < 0.001    Nil = 749 NS 
DCD = 147 DCD = 220 DCD = 715 
Biochar 
main effect 
    Nil = 204 NS    Nil = 308 NS    Nil = 719 NS 
Biochar = 167 Biochar = 269 Biochar = 745 
DCD biochar 
interaction 
- NS - NS - NS 
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Figure 4.4 Cumulative nitrate-N leached water as affected by applications of cow urine-N, DCD, 
and biochar. The error bars represent standard error of the mean. 
 
4.3.4 DCD concentration in leachate 
The concentration of DCD versus cumulative drainage for each treatment is shown in Figure 4.5. 
The urine + DCD treatment showed a peak DCD concentration of 5.45 mg DCD L-1 at 270 mm of 
drainage. In comparison, the urine + DCD + biochar treatment had a peak DCD concentration of 
3.25 mg DCD L-1 after 350 mm of drainage. A significant (p < 0.001) reduction (45%) in peak DCD 
concentration occurred when biochar was applied. DCD could not be detected in the leachate 
after 540 mm and 590 mm of drainage for the urine + DCD and urine + DCD + biochar treatments 
respectively. 
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Figure 4.5 Change in DCD concentrations in drainage water. The error bars represent standard 
error of the mean.  
 
4.3.5 Cumulative DCD leaching losses  
Total cumulative DCD leaching loss for the two DCD treatments are shown in Figure 4.6. The 
urine + DCD treatment recorded the greatest amount of DCD leached at 9.04 kg DCD ha-1. In 
comparison, the urine + DCD + biochar treatment recorded 7.00 kg DCD ha-1 of DCD leached. 
However, this reduction was not statistically significant.  
 
 
Figure 4.6 Cumulative DCD leached. The error bars represent standard error of the mean. 
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4.3.6 Soil ammonium-N and nitrate-N concentrations 
4.3.6.1 Soil ammonium-N concentrations 
Over the 90 day period, all treatments showed a decrease in NH4
+-N concentrations (Figure 4.7). 
The urine only and urine + biochar treatment NH4
+-N concentrations rapidly decreased. Thus, 
after 90 days there was little difference between the control, urine, and urine + biochar 
treatments. The urine + DCD and urine + DCD + biochar treatments NH4
+-N concentrations 
decreased at a slower rate leading to these treatments having higher NH4
+-N concentrations 
after 90 days compared to the other treatments.  
 
Across the 90 day study period, the urine only treatment had a mean total NH4
+-N concentration 
of 138 mg NH4
+-N kg-1 dry soil (Table 4.4). In comparison, the addition of urine + DCD resulted in 
a higher mean total NH4
+-N concentration of 224 mg NH4
+-N kg-1 dry soil. The addition of urine + 
DCD + biochar also resulted in a higher mean total NH4
+-N concentration of 170 mg NH4
+-N kg-1 
dry soil. In contrast, the addition of urine + biochar caused the mean NH4
+-N concentration to 
decrease to 110 mg NH4
+-N kg-1 dry soil.  
 
In general, the addition of DCD kept the total NH4
+-N concentrations at significantly (p = 0.028) 
higher levels (Table 4.5). However, the addition of biochar did not significantly affect the total 
NH4
+-N concentration.   
 
 
Figure 4.7 Ammonium-N concentrations in the soil as affected by applications of cow urine-N, 
DCD, and biochar. The error bars indicate the standard error of the mean. 
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Table 4.4 Companion soil block ammonium-N and nitrate-N results shown with log10 and back 
transformed (BT) means. 
Treatment NH4
+-N concentration 
(mg NH4
+-N kg-1 dry soil) 
NO3
--N concentration 
(mg NO3
--N kg-1 dry soil) 
% Reduction 
by DCD 
and/or 
biochar 
Log10 NH4
+-N BT means Log10 NO3
--N BT means - 
Control 0.51 3 1.01 10 - 
Urine only 2.14 138 1.93 85 - 
Urine + DCD 2.35 224 1.13 13 85% 
Urine + biochar 2.04 110 1.80 63 NS 
Urine + DCD + biochar 2.23 170 1.55 35 59% 
LSD (5%) 0.252 - 0.190 - - 
 
 
Table 4.5 ANOVA analysis of soil ammonium-N and nitrate-N concentrations. 
 NH4
+-N concentration 
(mg NH4
+-N kg-1 dry soil) 
NO3
--N concentration 
(mg NO3
--N kg-1 dry soil) 
BT mean P value BT mean P value 
DCD main effect     Nil = 121 0.028     Nil = 73 < 0.001 
 DCD = 195 DCD = 22 
Biochar main effect    Nil = 177 NS     Nil = 34 0.039 
Biochar = 139 Biochar = 48 
DCD biochar interaction - NS - < 0.001 
 
4.3.6.2 Soil nitrate-N concentrations 
The urine only treatment produced high NO3
--N concentrations within three weeks of 
application peaking on day 52 at 109 mg NO3
--N kg-1 dry soil (Figure 4.8). However, the 
application of DCD in addition to urine decreased the soil nitrification rate, thus the soil NO3
--N 
concentration was low with no peak being observed. When biochar was applied in addition to 
urine, the NO3
--N concentration varied across the study period but remained lower than the 
urine treatment however greater than the urine + DCD treatment. This was the same for the 
urine + DCD + biochar treatment.  
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The mean total NO3
--N concentration in the urine only treatment was 85 mg NO3
--N kg-1 dry soil 
(Table 4.4). In comparison, the addition of urine + DCD to the soil significantly (p < 0.001) 
reduced (85%) the mean total NO3
--N concentration to 13 mg NO3
--N kg-1 dry soil (Table 4.4). A 
significant (p = 0.009) reduction of 59% was also observed between the urine only and urine + 
DCD + biochar treatments thus the mean total NO3
--N concentration was 35 mg NO3
--N kg-1 dry 
soil. However, the mean total NO3
--N concentration for the urine + biochar treatment was 63 mg 
NO3
--N kg-1 dry soil, thus no significant difference was observed compared to the urine only 
treatment. 
  
The DCD main effect was a significant (p < 0.001) reduction in total NO3
--N concentration. In 
contrast, the main effect of biochar was a significant (p = 0.039) increase in total NO3
--N 
concentration. The interaction between DCD and biochar was highly significant (p < 0.001) 
(Table 4.5).  
 
 
Figure 4.8 Nitrate-N concentrations in the soil as affected by applications of cow urine-N, DCD, 
and biochar. The error bars indicate the standard error of the mean. 
 
4.3.7 Soil DCD concentrations 
In the urine + DCD treatment, the DCD concentration peaked at 44.2 mg DCD kg-1 dry soil and 
decreased over the study period to 5.0 mg DCD kg-1 dry soil (Figure 4.9). Conversely, the urine + 
DCD + biochar treatment peaked at 12.8 mg DCD kg-1 dry soil before decreasing to 7.4 mg DCD 
kg-1 dry soil.  
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Figure 4.9 Change in DCD concentrations. The error bars indicate the standard error of the 
mean.  
 
4.3.8 Soil AOB and AOA abundance 
4.3.8.1 AOB abundance 
On day 52, the urine only and urine + biochar treatments AOB amoA gene copy numbers peaked 
at 1.54x107 copies g-1 dry soil and 1.75x107 copies g-1 dry soil respectively (Figure 4.10). These 
peaks were significantly (p = 0.013) greater than the remaining treatments which did not 
produce any substantial peak in AOB amoA gene copy numbers. By day 90, the number of AOB 
amoA genes present within the soil of all treatments was back to near initial levels.  
 
The mean AOB amoA gene copy number in the urine only treatment was 8.91x106 copies g-1 dry 
soil (Table 4.6). In comparison, the addition of DCD to the urine only treatment significantly (p = 
0.013) reduced the mean AOB amoA gene copy number by 65% to 3.09x106 copies g-1 dry soil. 
The addition of both DCD and biochar to the urine only treatment significantly (p = 0.048) 
decreased (48%) the mean AOB amoA gene copy number to 4.68x106 copies g-1 dry soil. 
However, the addition of biochar to the urine only treatment resulted in a mean AOB amoA 
gene copy number of 8.13x106 copies g-1 dry soil thus no significant change was observed.   
 
Overall, the use of DCD showed a significant (p = 0.006) reduction in AOB amoA gene 
abundance. The use of biochar produced a non-significant increase in AOB amoA gene 
abundance significant (Table 4.7). 
 
0 
10 
20 
30 
40 
50 
60 
70 
D
C
D
 c
o
n
ce
n
tr
at
io
n
 
 (
m
g 
D
C
D
 k
g-
1
 d
ry
 s
o
il)
 
Date 
Urine + DCD Urine + DCD + biochar 
92 
 
 
Figure 4.10 AOB amoA gene abundance in the soil as affected by applications of cow urine-N, 
DCD, and biochar. The error bars indicate the standard error of the mean. 
 
 
Table 4.6 Companion soil block AOB and AOA amoA gene abundance results shown with log10 
and back transformed (BT) means. 
Treatment AOB abundance 
(copies g-1 dry soil) 
% Reduction 
by DCD 
and/or 
biochar 
AOA abundance 
(copies g-1 dry soil) 
Log10 AOB
 BT means - Log10 AOA
 BT means 
Control 6.57 3.72x106 - 7.31 2.04x107 
Urine only 6.95 8.91x106 - 7.24 1.74x107 
Urine + DCD 6.49 3.09x106 65% 7.22 1.66x107 
Urine + biochar 6.91 8.13x106 NS 7.26 1.82x107 
Urine + DCD + biochar 6.67 4.68x106 48% 7.15 1.41x107 
LSD (5%) 0.327 - - 0.354 - 
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Table 4.7 ANOVA analysis of AOB and AOA amoA gene abundance. 
 AOB abundance 
(copies g-1 dry soil) 
AOA abundance 
(copies g-1 dry soil) 
BT mean P value BT mean P value 
DCD main effect     Nil = 8.53x106 0.006    Nil = 1.79x107 NS 
DCD = 3.80x106 DCD = 1.55x107 
Biochar main effect    Nil = 5.26x106 NS     Nil = 1.71x107 NS 
Biochar = 6.16x106 Biochar = 1.62x107 
DCD biochar interaction - NS - NS 
 
4.3.8.2 AOA abundance 
Overall, the total number of AOA amoA gene copies present within the soil was significantly (p < 
0.001) greater than the number of AOB amoA gene copies (Table 4.6). Figure 4.11 indicates that 
there were no significant differences in AOA amoA gene copy numbers between the treatments 
across the 90 days (Table 4.7). 
 
 
Figure 4.11 AOA amoA gene abundance in the soil as affected by applications of cow urine-N, 
DCD, and biochar. The error bars indicate the standard error of the mean. 
 
4.3.9 Soil AOB and AOA activity 
The activity (amoA transcript abundance) of the AOB and AOA amoA genes were measured by 
determining the RNA copy numbers (Figure 4.12). There was no significant difference in amoA 
transcript abundance of AOB between the treatments. The amoA gene copy numbers for AOB 
ranged from 9.9x103 copies µg-1 RNA in the urine + DCD treatment to 3.41x104 copies µg-1 RNA in 
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the urine + biochar treatment (Figure 4.12a). The AOA amoA gene copy numbers ranged from 
4.10x103 copies µg-1 RNA for the control to 1.81x104 copies µg-1 RNA in the urine + DCD 
treatment (Figure 4.12b). A large amount of overlap can be observed between the treatments 
for both AOB and AOA amoA transcript abundance as shown by the error bars. This suggests 
there was no difference in amoA transcript abundance across the treatments. Statistical analysis 
confirmed this with p values greater than 0.05. 
 
 
 
 
Figure 4.12 amoA transcript abundance of the (a) AOB and (b) AOA populations in the soil as 
affected by applications of cow urine-N, DCD, and biochar after 52 days. The error bars 
indicate the standard error of the mean. 
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4.4 Discussion 
4.4.1 Nitrate leaching losses 
The lysimeters demonstrated total NO3
--N leaching losses were significantly (p < 0.001) higher at 
a urine application rate of 700 kg N ha-1 compared to no cow urine being deposited during dairy 
winter forage grazing. This is similar to the findings of Di and Cameron (2007), who found that as 
N loading increased, NO3
--N leaching losses increased accordingly on grazed grassland. The 
addition of cow urine led to higher soil nitrification rates due to greater amounts of NH3 present 
in the soil. This is supported by the companion soil blocks having a higher soil NO3
--N 
concentration and AOB amoA gene abundance present in the urine only treatment.    
 
4.4.2 The roles AOB and AOA  
The role that AOB and AOA play in wet and anaerobic conditions in a winter forage grazing 
system has not been previously published. In this study, the companion soil blocks determined 
that AOB, not AOA, mediated the nitrification process. This is because when cow urine alone was 
added to the soil the AOB abundance increased 2.4-fold compared to when no urine was 
present (Figure 4.10). This increase was in response to the addition of NH3 from the urine and 
this is similar to the findings of Di et al. (2009b). This dominant AOB population resulted from 
high nitrification rates (Kowalchuk & Stephen 2001; Di et al. 2010), thus causing higher soil    
NO3
--N concentrations in the urine only treatment (and urine + biochar treatment) (Figure 4.8). 
In contrast, The AOA abundance did not increase when cow urine was applied to the soil (Figure 
4.11). This suggests that the AOA did not grow in response to the addition of NH3 from the urine. 
Di et al. (2010) proposed that, AOB and AOA prefer different concentrations of N within soils to 
grow at optimum levels. They hypothesised that AOB grow under high NH3 substrate levels 
however AOA prefer lower NH3 substrate conditions.  
 
With the application of DCD, the AOB population was inhibited (Figure 4.10) (Amberger 1989; 
McCarty & Bremner 1989; Di et al. 2009a). This decreased the AOB abundance and therefore soil 
NO3
--N concentration in the urine + DCD and urine + DCD + biochar treatments (Figure 4.8). 
 
The AOA abundance was however greater than the AOB abundance within the soil. Leininger et 
al. (2006) and He et al. (2007) have both identified that it is common for AOA to be the 
numerically dominant ammonia oxidising microbe over AOB in a soil.  
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4.4.3 Effect of DCD 
In both the lysimeters and their comparison soil blocks, DCD was successful at reducing soil   
NO3
--N concentrations and NO3
--N leaching under wet, cold, and draining soil conditions. The 
application of DCD significantly (p < 0.001) reduced total NO3
--N leaching losses and NO3
--N 
concentrations by an average of 38% and 85% respectively (Tables 4.2 and 4.4). These results are 
similar to previous work on NO3
- leaching under several agricultural systems (Williamson et al. 
1998; Ball-Coelho & Roy 1999; Di & Cameron 2002b, 2007). In addition they indicate that DCD 
can be used successfully as a mitigation tool to reduce NO3
- leaching in dairy winter forage 
grazing systems. 
 
DCD effectively reduced NO3
--N leaching losses from the lysimeters over the study period. 
However, the longevity of DCD in the soil depends on the rate at which DCD is leached from the 
soil and environmental factors including: soil temperature, soil moisture, pH, and organic matter 
(Kelliher et al. 2008; Shepherd et al. 2012a). Figure 4.6 shows that 45% (urine + DCD) and 35% 
(urine + DCD + biochar) of the DCD applied to the respective lysimeters was lost through DCD 
leaching. After the loss of DCD from the lysimeters, NO3
- leaching proceeded with large amounts 
of NO3
--N being present in the drainage water. The higher than expected NO3
--N concentrations 
were most likely due to the soil being left bare until early November when a short term ryegrass 
was planted. Moir et al. (2013) identified a strong negative linear relationship between the 
amount of NO3
- lost from a system through NO3
- leaching and plant N uptake. An earlier planting 
of a crop/pasture could have utilised a greater amount of NO3
- within the soil resulting in a 
greater reduction in NO3
--N losses within the urine + DCD and urine + DCD + biochar treatments. 
Shepherd et al. (2012b) also supports the idea of planting a crop/pasture after the grazing of a 
forage crop when DCD has been used, thus utilising the extra NO3
- retained in the soil. Shepherd 
et al. (2012b) went on to say, the timing of planting a crop/pasture after grazing determines the 
overall N efficiency of the system. Consequently, if a crop/pasture is planted too late, or not at 
all, NO3
- leaching will result while NO3
- is present in the soil and drainage is occurring.  
 
The companion field blocks indicated that the NO3
--N concentrations in the urine + DCD 
treatment remained low over the duration of the trial (Figure 4.8). This demonstrates that DCD 
removal had not fully occurred as it was still actively inhibiting the nitrification process. DCD was 
still present within the soil profile at a concentration of 5 mg DCD kg-1 dry soil at the end of the 
trial (Figure 4.9). With an average soil temperature of 6.9oC during the period the companion soil 
blocks ran, the use of DCD on a dairy winter forage grazing system within the Canterbury region 
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becomes highly attractive due to DCD remaining within the soil for longer. The soil temperature 
has been determined to be a key factor impacting DCD degradation rates (Di & Cameron 2004b; 
Kelliher et al. 2008). At a soil temperature of 22oC the half-life of DCD is reported to be only 39 
days compared to a soil temperature of 10oC which has a DCD half-life of 100 days (Williamson 
et al. 1996; Kelliher et al. 2008). This indicates a slower degradation rate during the cooler 
months of the year as well as in cooler climates. The slower degradation of DCD at lower soil 
temperatures leads to N being present within the soil in the form of NH4
+ for a longer period of 
time. Ammonium is not leached from the soil due to its positive charge - resulting in minimal 
environmental effects. However, when DCD degradation does occur, nitrification proceeds as 
the AMO enzyme is uninhibited thus leading to the production of NO3
-. In many situations, DCD 
degradation occurs in late winter or early spring as the soil temperature increases. However, 
NO3
- produced at this time is at less risk of being leached since the warmer soil temperatures 
promote plant growth therefore NO3
- is removed from the soil through plant uptake. 
 
4.4.4 The use of biochar 
Biochar provided little mitigation against soil NO3
--N accumulation and leaching under dairy 
winter forage grazing conditions. Any reductions observed were of no statistical significance. In 
fact, the companion soil blocks showed a significant (p = 0.039) increase in soil NO3
--N 
concentration between the urine + biochar and urine only treatments. A number of studies have 
shown that biochar has the potential to reduce NO3
--N accumulation and leaching from the soil 
(Knowles et al. 2011; Dempster et al. 2012a; Ventura et al. 2013) due to biochar adsorbing NH4
+ 
from the soil solution (Steiner et al. 2008) thus making it unavailable for nitrification. However 
this was not seen in this study.  
 
Nitrate adsorption has also been shown to reduce NO3
- leaching losses. However, this was 
unlikely due to the pyrolysis temperature being 550oC. Biochar adsorption of NO3
- has not been 
observed below a pyrolysis temperature of 600oC (Dempster et al. 2012a; Yao et al. 2012; Clough 
et al. 2013).  
 
In addition, the low biochar application rate of 5 tonnes biochar ha-1 could explain why the 
current study identified biochar to be unsuccessful in reducing nitrification rates. Knowles et al. 
(2011) and Dempster et al. (2012a) both identified NO3
--N leaching reductions with high biochar 
application rates of 100 tonnes biochar ha-1 and 25 tonnes biochar ha-1 respectively. The current 
study used a low application rate for economic reasons, as a higher application rate may be too 
costly and impractical for use in dairy winter forage grazing systems. 
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A final explanation for biochar not affecting NO3
- accumulation or leaching could be the 
application method. In this trial biochar was spread over the soil surface after the simulated 
grazing occurred and prior to urine application and not incorporated fully within the soil. Biochar 
is commonly thoroughly mixed through the soil thus having contact with soil NO3
- (Chan et al. 
2007; Singh et al. 2010; Knowles et al. 2011; Dempster et al. 2012a). However, this is not 
practical on a dairy winter forage grazing system where a forage crop is growing before being 
strip grazed.  
 
4.5 Conclusions 
A cow urine patch deposited onto bare soil during dairy winter forage grazing significantly 
increased NO3
--N leaching losses. The reduction of the rate of nitrification within a soil is an 
important factor in reducing the NO3
- leaching potential. This trial demonstrates that DCD is a 
suitable option for inhibiting nitrification within the soil under dairy winter forage grazing 
conditions. However, biochar at the rate used in this study was not effective in reducing 
nitrification rates under the same conditions. Results from the companion soil blocks show that 
although AOA are present in high numbers in the soil, it is the AOB that mediate nitrification. 
Thus, it is AOB inhibition on dairy winter forage grazing systems that will decrease soil NO3
- 
concentrations and NO3
- leaching losses.  
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Chapter 5 The Effect of Cow Urine, DCD, and Trampling 
on Nitrate Leaching and Ammonia Oxidising Populations 
under Dairy Winter Forage Grazing Conditions 
 
5.1 Introduction 
Chapter Four quantified NO3
--N leaching losses and the ammonia oxidising populations from cow 
urine patches deposited during dairy winter forage grazing when cow urine (700 kg N ha-1), DCD 
(20 kg DCD ha-1), and biochar (5 tonnes biochar ha-1) were applied to the soil. However, recently 
it has been determined that the N concentration of urine from dry dairy cows feeding on kale is 
400 kg N ha-1 rather than 700 kg N ha-1 (Rugoho 2013). The impact of this significantly lower 
urine-N concentration on NO3
- leaching and ammonia oxidising populations under dairy winter 
forage grazing conditions is currently unknown, subsequently a second lysimeter study and 
companion soil blocks as described in Chapter Four was required. However, biochar was 
removed from the current study due to it showing no mitigation effect at low application rates 
and a comparison between the soil being trampled or not was added to determine the impact 
that trampling had on dairy winter forage grazing systems.  
 
Thus, the aims of this second field trial were to: (i) quantify NO3
--N leaching losses from cow 
urine patches deposited at 400 kg N ha-1 during dairy winter forage grazing; (ii) quantify the 
effect of trampling and DCD on NO3
- leaching losses at the urine application rate of 400 kg N ha-1 
under dairy winter forage grazing conditions; and (iii) determine the effect of cow urine (400 kg 
N ha-1), trampling, and DCD on the abundance and activity of AOB and AOA populations under 
dairy winter forage grazing conditions. 
 
5.2 Materials and methods 
5.2.1 Lysimeter study  
5.2.1.1 Design of the lysimeter study 
Thirty two new soil monolith lysimeters, 50 cm in diameter and 70 cm deep, were collected from 
the Lincoln University Ashley Dene Farm (43o 39’ 2” S; 172o 19’ 45” E) following the protocol 
outlined in Section 3.2.2 and transported back to Lincoln University (43o 38’ 52” S; 172o 28’ 7” E) 
for installation into the field trench lysimeter facility (see Section 3.3.2). Following installation, 
the lysimeters were left to acclimatise before kale seedlings were transplanted into each 
lysimeter during the month of March 2012 (see Section 3.3.4). The number of kale seedlings 
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planted into each lysimeter represented the standard kale density (4.5 kg ha-1) on the winter 
feed system at the field site (Lincoln University Ashley Dene Farm). The kale was left to grow 
until early winter when the trial commenced.  
 
5.2.1.2 Treatment application, leachate collection and sample analysis  
Eight different treatments (Table 5.1), each with four replicates, were applied to the lysimeters 
in a randomised design following the protocols outlined in Section 3.3.4.1. Each treatment was 
applied between June 18th and 21st 2012, immediately after the simulated grazing of the kale. 
The water input was maintained after treatment application following the protocols outlined in 
Section 3.3.5. During August, a cereal crop of oats was sown into each lysimeter at a rate of 120 
kg ha-1 following the protocols outlined in Section 3.3.7.  
 
Table 5.1 Treatments applied to the soil. 
Treatment Urine 
(kg N ha-1) 
DCD 
(kg DCD ha-1) 
Trampling 
Control trampled 0 0 Trampled 
Control un-trampled 0 0 Un-trampled 
Control + DCD trampled 0 20 Trampled 
Control + DCD un-trampled 0 20 Un-trampled 
Urine trampled 400 0 Trampled 
Urine un-trampled 400 0 Un-trampled 
Urine + DCD trampled 400 20 Trampled 
Urine + DCD un-trampled 400 20 Un-trampled 
 
5.2.1.3 Leachate collection and analysis 
Leachate collection began four weeks prior to treatment application to determine the 
background levels of NO3
--N and NH4
+-N present in the soil. Leachate was collected weekly, or 
when the volume of drainage was greater than 200 ml, until early June the following year. The 
leachate was analysed for NO3
--N and NH4
+-N using FIA (Tecator Inc., Sweden), and for DCD using 
HPLC (Shimadzu, Japan) (see Section 3.3.9). 
 
5.2.2 Companion soil blocks 
5.2.2.1 Design of the soil block  
Similar to Chapter Four, for each lysimeter there was a corresponding soil block used for 
destructive sampling. Soil blocks were established next to the lysimeters at the lysimeter trench 
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facility. An area of approximately 7 metres by 4 metres was excavated to a depth of 
approximately 35 cm and filled with sand. Following the protocols outlined in Section 3.3.3, 
metal soil rings with a diameter of 50 cm and a depth of 15 cm were placed on top of the sand 
and filled with disturbed soil collected from the top 10 cm at Lincoln University Ashley Dene 
Farm. During March, kale seedlings were transplanted in each soil block following the protocols 
outlined in Section 3.3.4.  
 
5.2.2.2 Treatment applications  
The treatments (Table 5.1) were the same as that of the lysimeter study and were applied after 
the simulated grazing of kale between June 18th and 21st 2012 following the protocols outlined in 
Section 3.3.4.1. During August, at the same time as the lysimeters, a cereal crop of oats was 
sown at the rate of 120 kg ha-1 into each soil block (see Section 3.3.7). However the oats were 
not harvested in November as soil core collection had ended by this point. 
 
5.2.2.3 Soil sample collection and sample analysis 
Soil cores were collected on day 7, 21, 37, 50, 63, 83, 106, and 125 after treatment application. 
On each sampling occasion, three soil cores were removed from each soil block and bulked into 
a single sample for analysis. Following the protocols outlined in Section 3.3.8, each soil sample 
was analysed for NO3
--N and NH4
+-N concentration while the samples that had DCD as part of 
the treatment were analysed for DCD concentration. The soil extracts were analysed for NO3
--N 
and NH4
+-N using FIA (Tecator Inc., Sweden) and for DCD using HPLC (Shimadzu, Japan) (see 
Section 3.3.9). 
 
5.2.2.4 Soil AOB and AOA assays 
From the soil samples collected on day 7, 21, 37, 50, 63, 83, 106, and 125 the population 
abundance of AOB and AOA present within the soil was determined using real-time qPCR by 
targeting the functional amoA gene. All fresh soil samples (subsampled from the bulk soil 
sample) were stored at -80oC before DNA extraction and analysis. 
 
DNA was extracted from 0.4 g frozen soil using a MO BIOTM PowerSoil® DNA Isolation Kit (MO 
BIO Laboratories, GeneWorks Pty Ltd, South Australia, Australia) according to the 
manufacturer’s instructions outlined in Section 3.2.10.1. After extraction, the samples of DNA 
were stored at -20oC before analysis.  
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On day 37 after treatment application a 0.3 g sample of soil was collected for RNA analysis, to 
determine microbial activity. RNA was extracted using the CTAB RNA extraction protocol 
(Griffiths et al. 2000) outlined in Section 3.3.11.1 followed by DNase treatment using Turbo DNA-
free Kit (Ambion®, Life Technologies, Auckland, New Zealand) and PCR inhibitor removal using 
Zymo-Spin IV-HRC clean-up columns (Zymo Research, Ngaio Diagnostics Ltd. Auckland, New 
Zealand) (Section 3.3.11.2). cDNA was produced using Superscript III reverse transcriptase (RT) 
(Life Technologies, Auckland, New Zealand) (Section 3.2.11.3). RNA analysis was only carried out 
on a single sampling date due to resource constraints.  
 
Real-time qPCR were performed using the protocols outlined in Section 3.2.10.2.  
 
5.2.3 Statistical analysis 
Annual NO3
--N leaching losses were calculated using the NO3
--N concentrations in, and volume 
of, the leachate collected from each lysimeter. Average annual NO3
--N leaching losses were then 
calculated using the four replicates. Mean values and standard errors of the means for NO3
--N 
leaching losses, NO3
--N concentrations, DCD concentrations, and ammonia oxidiser populations 
were calculated based on the four replicates for each treatment using Microsoft Excel 2010 
(Microsoft Corporation, USA).  
 
A basic 1 x 1 factorial design was used for both the leachate and soil block data. P-values were 
calculated following analysis of variance (ANOVA) using Genstat© (Version 15.1, VSN 
International Ltd, U.K.).  
 
5.3 Results 
5.3.1. Climatic and drainage data 
The average daily air temperature varied from -0.6oC in June 2012 to 22.7oC in January 2013, 
with an average of 11.3oC for the study period (Figure 5.1). The total annual water input over the 
study period from both rainfall and supplementary irrigation reached 1264 mm (Figure 5.2). An 
average of 913 mm drainage water was collected from the lysimeters which accounted for 72% 
of the total annual inputs. 
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Figure 5.1 Daily average air temperatures for the trial period. 
 
 
Figure 5.2 Cumulative water inputs and drainage for the trial period. 
 
5.3.2 Nitrate-N concentration in leachate 
The NO3
--N concentration in the drainage water versus cumulative drainage for each treatment 
is shown in Figure 5.3. For the initial 60 mm of drainage the NO3
--N concentrations were at 
background levels for each treatment. A peak NO3
--N concentration of 61 mg NO3
--N L-1 was 
observed at 390 mm of drainage for the urine trampled treatment (Figure 5.3a). A second peak 
of 22 mg NO3
--N L-1 was observed at 710 mm of drainage. In contrast, the urine + DCD trampled 
treatment peaked later at 440 mm of drainage (21 mg NO3
--N L-1). This represents a significant (p 
= 0.018) reduction of 66% compared to the urine only treatment (Tables 5.2 and 5.3). 
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When the soil remained un-trampled two substantial NO3
--N concentration peaks occurred 
within the urine treatment (Figure 5.3b). The first peak of 106 mg NO3
--N L-1 occurred at 210 mm 
of drainage and the second peak of 64 mg NO3
--N L-1 occurred at 310 mm of drainage. In 
contrast, the urine + DCD un-trampled treatment peaked later at 320 mm of drainage (72 mg 
NO3
--N L-1). However, this reduction was not statistically significant.   
 
Overall when urine was applied, the un-trampled treatment produced the highest peak NO3
--N 
concentration at 106 mg NO3
--N L-1 whereas the urine + DCD trampled treatment produced the 
smallest peak NO3
--N concentration at 21 mg NO3
--N L-1. When DCD was present, a significant (p 
= 0.049) reduction (71%) in peak NO3
--N concentration was observed when comparing trampled 
versus un-trampled soil (Tables 5.2 and 5.3). When DCD was not present, trampling produced a 
significantly (p = 0.006) higher (43%) peak NO3
--N concentration compared to the un-trampled 
soil.  
 
No significant peaks were observed for the control and DCD treatments for both trampled and 
un-trampled soil (Figures 5.3a and b). Thus, the two urine only treatments’ peak NO3
--N 
concentration were significantly (p < 0.001) greater.  
 
No significant difference was observed between the total drainage volumes (Table 5.3). 
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Figure 5.3 Nitrate-N concentrations in drainage water as affected by applications of cow urine-
N, DCD, and trampling. (a) In the presence of animal trampling (b) no animal trampling. The 
error bars represent standard errors of the mean. 
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Table 5.2 Summary of peak nitrate-N concentrations, total nitrate-N leached, and drainage. 
 Peak NO3
--N 
Concentration 
(mg NO3
--N L-1) 
% Reduction  
DCD or 
Trampled 
Total NO3
--N 
Leached 
(kg NO3
--N ha-1) 
% Reduction  
DCD or 
Trampled 
Total 
Drainage 
(mm) 
Control 
trampled 
13 - 39 - 890 
Control 
un-trampled 
11 - 40 - 898 
DCD 
trampled 
10 - 29 - 898 
DCD 
un-trampled 
12 - 47 - 983 
Urine 
trampled 
61 - 43% 168 - 34% 878 
Urine + DCD 
trampled 
21 66% 71% 66 61% 61% 910 
Urine 
un-trampled 
106 - - 253 - - 928 
Urine + DCD 
un-trampled 
72 NS - 167 40% - 922 
LSD 36 - 58 - 127 
 
 
Table 5.3 ANOVA analysis of peak nitrate-N concentrations, total nitrate-N leached, and 
drainage. 
 Peak NO3
--N 
Concentration 
(mg NO3
--N L-1) 
Total NO3
--N 
Leached 
(kg NO3
--N ha-1) 
Total drainage 
 
(mm) 
P value P value P value 
DCD effect trampled 0.018 0.026 NS 
DCD effect un-trampled NS < 0.001 NS 
Trampling effect DCD  0.049 0.005 NS 
Trampling effect no DCD  0.006 0.028 NS 
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5.3.3 Cumulative nitrate-N leaching losses 
The cumulative amount of NO3
--N leached for each treatment is shown in Figure 5.4. The urine 
trampled treatment had a total NO3
--N leaching loss of 168 kg NO3
--N ha-1. In comparison, this 
was considerably larger than the total amount of NO3
--N leached from the urine + DCD trampled 
treatment at 66 kg NO3
--N ha-1 (Figure 5.4a). Thus the application of DCD resulted in a significant 
(p = 0.026) reduction (61%) in the amount of NO3
--N leached (Tables 5.2 and 5.3).   
 
The urine un-trampled treatment had a total NO3
--N leaching loss of 253 kg NO3
--N ha-1. This was 
significantly (p 0.028) higher (34%) than that from the urine trampled treatment. In comparison, 
the addition of DCD to the urine un-trampled treatment significantly (p < 0.001) reduced (40%) 
the amount of NO3
--N leached to 167 kg NO3
--N ha-1 (Figure 5.4b and Table 5.2). When DCD was 
present, a significant (p = 0.005) reduction (61%) in peak NO3
--N leached was observed when 
comparing trampled to un-trampled soil.  
 
The control and DCD treatments for both trampled and un-trampled soil all had considerably 
lower mean total NO3
--N leaching losses (Figures 5.4a and b). Thus the two urine treatments’ 
total NO3
--N leaching losses were significantly (p < 0.001) greater.   
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Figure 5.4 Cumulative nitrate-N leached as affected by cow urine-N, DCD, and soil trampling. 
(a) Trampled (b) un-trampled. The error bars represent standard errors of the mean. 
 
5.3.4 DCD concentration in leachate 
The concentration of DCD versus cumulative drainage from each treatment is shown in Figure 
5.5. The peak DCD concentrations ranged from 4.19 mg DCD L-1 in the DCD trampled treatment 
to 7.98 mg DCD L-1 in the urine + DCD un-trampled treatment. No statistical differences between 
any of the treatments were observed. After 430 mm (urine + DCD un-trampled), 450 mm (DCD 
un-trampled), 470 mm (DCD trampled), and 600 mm (urine + DCD trampled) of drainage DCD 
could not be detected in the leachate. 
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Figure 5.5 Change in DCD concentrations in drainage water. Comparing the effect of trampling 
vs. no trampling. The error bars represent standard errors of the mean. 
 
5.3.5 Cumulative DCD leaching losses 
The cumulative DCD leaching losses ranged from 7.92 kg DCD ha-1 in the DCD trampled 
treatment to 13.42 kg DCD ha-1 in the urine + DCD un-trampled treatment (Figure 5.6). There 
was no statistical difference between the urine + DCD trampled treatment and the urine + DCD 
un-trampled treatment. There was, however, significantly (p = 0.002) less DCD leached from the 
DCD trampled compared to the DCD un-trampled treatment. 
 
 
Figure 5.6 Cumulative DCD leached. Comparing the effect of trampling vs. no trampling. The 
error bars represent standard errors of the mean. 
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3.3.6 Effect on oat growth  
Table 5.4 identifies the oat sward weight, total N, total C, and the C/N ratio for each of the 
treatments. No statistical differences between treatments were observed except for the DCD 
effect on a trampled soil. A statistically significant difference was observed for the C/N ratio (p = 
0.031) and the total N (p = 0.031) between the urine trampled and the urine + DCD trampled 
treatments (Table 5.5).  
 
Table 5.4 Summary of total N, total C, C/N ratio, and weight of oat samples. 
 
Oat shoot 
weight (g) 
Total N 
(g kg-1) 
Total C 
(g kg-1) C/N Ratio                
Control trampled 17   (+/- 0.3) 13   (+/- 0.6) 422   (+/- 2.9) 34   (+/- 1.7) 
Control un-trampled 21  (+/- 4.2) 13   (+/- 1.0) 424   (+/- 0.4) 33   (+/- 2.5) 
DCD trampled 19   (+/- 1.7) 11   (+/- 0.1) 425   (+/- 0.9) 38   (+/- 0.2) 
DCD un-trampled 25   (+/- 2.5) 12   (+/- 0.2) 424   (+/- 0.6) 36   (+/- 0.6) 
Urine trampled    50   (+/- 12.5) 11   (+/- 0.8) 429   (+/- 0.8) 39   (+/- 2.5) 
Urine un-trampled 28   (+/- 2.6) 12   (+/- 0.6) 427   (+/- 0.8) 36   (+/- 1.9) 
Urine DCD trampled 66  (+/- 8.7) 14   (+/- 0.6) 429   (+/- 0.4) 31   (+/- 1.4) 
Urine DCD un-trampled    43   (+/- 12.9) 14   (+/- 1.0) 428   (+/- 2.0) 32   (+/- 2.6) 
 
 
Table 5.5 ANOVA analysis of total N, total C, C/N ratio, and weight of oat samples. 
 Oat shoot weight 
(g) 
Total N 
(g kg-1) 
Total C 
(g kg-1) C/N Ratio 
P value P value P value P value 
DCD effect trampled NS 0.031 NS 0.031 
DCD effect un-trampled NS NS NS NS 
Trampling effect DCD NS NS NS NS 
Trampled effect no DCD NS NS NS NS 
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5.3.7 Soil ammonium-N and nitrate-N concentrations 
5.3.7.1 Soil ammonium-N concentrations 
Over the 125 day study period, all treatments with urine applied showed a gradual decrease in 
NH4
+-N concentration. However the addition of DCD slowed the rate of nitrification, thus the 
NH4
+-N concentration remained high for longer. After 125 days, there was little difference 
between any of the treatments. The urine trampled treatment had a mean total NH4
+-N 
concentration of 50 mg NH4
+-N kg-1 dry soil. However, the addition of DCD resulted in a 
significantly (p = 0.004) greater mean total NH4
+-N concentration of 98 mg NH4
+-N kg-1 dry soil 
(Figure 5.7a and Table 5.6). When the soil was un-trampled, the urine treatment had a mean 
total NH4
+-N concentration of 31 mg NH4
+-N kg-1 dry soil. In contrast, the application of DCD 
increased the mean total NH4
+-N concentration to 59 mg NH4
+-N kg-1 dry soil, however the effect 
was not significant (Figure 5.7b).  
 
Trampling the soil had a significant (p = 0.043) effect on the total NH4
+-N concentration when 
DCD was present (Table 5.7). However, no difference was observed between the urine trampled 
and urine un-trampled treatments.  
 
The control and DCD treatments for both trampled and un-trampled soil all had considerably 
lower mean total NH4
+-N concentrations (Table 5.6). 
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Figure 5.7 Ammonium-N concentrations in the soil as affected by applications of cow urine-N, 
DCD, and trampling. (a) In the presence of animal trampling (b) no animal trampling. The error 
bars represent standard errors of the mean. 
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Table 5.6 Companion soil block ammonium-N and nitrate-N results shown with log10 and back 
transformed (BT) means. 
 NH4
+-N concentration 
(mg NH4
+-N kg-1 dry soil) 
NO3
--N concentration 
(mg NO3
--N kg-1 dry soil) 
Log10 NH4
+-N BT means Log10 NO3
--N BT means 
Control trampled 0.78 6 0.80 6 
Control un-trampled 0.65 4 0.68 5 
DCD trampled 1.20 16 0.81 6 
DCD un-trampled 0.83 7 0.72 5 
Urine trampled 1.70 50 1.55 35 
Urine + DCD trampled 1.99 98 1.55 36 
Urine un-trampled 1.50 31 1.30 20 
Urine + DCD un-trampled 1.77 59 1.45 28 
LSD 0.219 - 0.215 - 
 
  
Table 5.7 ANOVA analysis of soil ammonium-N and nitrate-N concentrations. 
 NH4
+-N concentration 
(mg NH4
+-N kg-1 dry soil) 
NO3
--N concentration 
(mg NO3
--N kg-1 dry soil) 
P value P value 
DCD effect trampled 0.004 NS 
DCD effect un-trampled NS NS 
Trampling effect DCD 0.043 NS 
Trampling effect no DCD NS 0.038 
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5.3.7.2 Soil nitrate-N concentrations 
All treatments initially had low soil NO3
--N concentrations. The addition of urine resulted in an 
increase in NO3
--N concentrations. However, when DCD was applied in addition to urine the  
NO3
--N concentrations also increased. After 125 days, there was little difference between the 
treatments. 
 
The urine trampled treatment had a mean total NO3
--N concentration of 35 mg NO3
--N kg-1 dry 
soil (Figure 5.8a). When DCD was applied in addition to urine there was no significant difference 
in mean total NO3
--N concentration (36 mg NO3
--N kg-1 dry soil) (Tables 5.6 and 5.7). The urine 
un-trampled treatment had a mean total NO3
--N concentration of 20 mg NO3
--N kg-1 dry soil 
(Figure 5.8b). In contrast, when DCD was applied in addition to urine there was an insignificant 
increase in mean total NO3
--N concentration to 28 mg NO3
--N kg-1 dry soil. 
 
Trampling had a significant (p = 0.038) effect on the mean total NO3
--N concentration between 
the urine trampled and urine un-trampled treatments (Table 5.7). However, no significant 
difference was observed between the urine + DCD trampled and urine + DCD un-trampled 
treatments.  
 
The control and DCD treatments for both trampled and un-trampled soil had considerably lower 
mean total NO3
--N concentration (Table 5.6).  
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Figure 5.8 Nitrate-N concentrations in the soil as affected by applications of cow urine-N, DCD, 
and trampling. (a) In the presence of animal trampling (b) no animal trampling. The error bars 
represent standard errors of the mean. 
 
5.3.8 Soil DCD concentrations 
The urine + DCD trampled treatment had the greatest initial DCD concentration of 20.6 mg DCD 
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and 10.5 mg DCD kg-1 dry soil (Figure 5.9). By day 63, the DCD trampled and urine + DCD un-
trampled treatments had decreased below the minimum level of detection in the soil. 
Conversely, it was not until the end of the study period that the remaining two treatments 
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concentration of 3.90 mg DCD kg-1 dry soil. This was significantly (p = 0.003) greater than the 
DCD un-trampled treatment (1.46 mg DCD kg-1 dry soil). The urine + DCD trampled treatment 
had a mean DCD concentration of 4.69 mg DCD kg-1 dry soil. This was significantly (p = 0.049) 
greater than the urine + DCD un-trampled treatment (1.59 mg DCD kg-1 dry soil). 
 
 
Figure 5.9 DCD concentrations in the soil as affected by application of cow urine-N, DCD, and 
soil trampling. The error bars represent standard errors of the mean. 
 
5.3.9 Soil AOB and AOA abundance 
5.3.9.1 AOB abundance 
All treatments initially had low AOB amoA gene copy numbers indicating low AOB abundance. 
The addition of only cow urine to both the trampled and un-trampled soil significantly (p < 
0.001) increased the AOB amoA gene abundance compared to the remainder of the treatments. 
The urine trampled treatment had a mean AOB amoA gene copy number of 4.05x107 copies g-1 
dry soil (Figure 5.10a). In comparison, the urine un-trampled treatment increased in mean AOB 
amoA gene copy number to 4.68x107 copies g-1 dry soil (Figure 5.10b). However, the addition of 
DCD in addition to the urine trample treatment significantly (p = 0.002) decreased (78%) the 
mean AOB amoA gene copy number to 9.12x106 copies g-1 dry soil (Tables 5.8 and 5.9). The 
addition of DCD in addition to the urine un-trampled treatment significantly ( p < 0.001) 
decreased (70%) the mean AOB amoA gene copy number to 1.39x107 copies g-1 dry soil. 
Trampling the soil showed no statistically significant effects on the AOB amoA gene abundance.  
 
The control and DCD treatments for both trampled and un-trampled soil had a lower mean AOB 
amoA gene copy number (Table 5.8).    
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Overall, the total number of AOB amoA gene copies present within the soil was significantly (p < 
0.001) greater than the number of AOA amoA gene copies (Table 5.8). 
 
 
 
 
Figure 5.10 AOB gene copy amoA abundance in the soil as affected by applications of cow 
urine-N, DCD, and trampling. (a) In the presence of animal trampling (b) no animal trampling. 
The error bars represent standard errors of the mean. 
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Table 5.8 Companion soil block AOB and AOA amoA gene abundance results shown with log10 
and back transformed (BT) means. 
 AOB abundance 
(copies g-1 dry soil) 
% Reduction 
by DCD 
AOA abundance 
(copies g-1 dry soil) 
Log10 AOB
 BT means - Log10 AOA
 BT means 
Control trampled 6.76 5.81x106 - 6.50 3.18x106 
Control un-trampled 6.71 5.18x106 - 6.54 3.50x106 
DCD trampled 6.67 4.68x106 - 6.47 2.94x106 
DCD un-trampled 6.89 7.74x106 - 6.50 3.18x106 
Urine trampled 7.61 4.05x107 - 6.24 1.72x106 
Urine + DCD trampled 6.96 9.12x106 78% 6.49 3.12x106 
Urine un-trampled 7.67 4.68x107 - 6.39 2.45x106 
Urine + DCD un-trampled 7.14 1.39x107 70% 6.44 2.76x106 
LSD 0.221 - - 0.183 - 
 
 
Table 5.9 ANOVA analysis of AOB and AOA amoA gene abundance. 
 AOB abundance 
(copies g-1 dry soil) 
AOA abundance 
(copies g-1 dry soil) 
P value P value 
DCD effect trampled 0.002 0.013 
DCD effect un-trampled < 0.001 NS 
Trampling effect DCD  NS NS 
Trampling effect no DCD  NS NS 
 
5.3.9.2 AOA abundance 
Through the application of urine onto the soil a significant (p = 0.041) decrease in the AOA amoA 
gene abundance was observed compared to no urine being applied (Figure 5.11 and Table 5.8). 
The application of DCD in addition to urine did not impact AOA growth resulting in the AOA 
amoA gene abundances being similar to the controls. However, a DCD effect between the urine 
trampled and urine + DCD trampled treatments was observed (Figure 5.11a) with the AOA amoA 
gene abundance in the urine trampled treatment significantly (p = 0.013) reducing when DCD 
was not present. No other treatment effects on the AOA amoA gene abundance were identified 
(Tables 5.8 and 5.9). 
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Figure 5.11 AOA amoA abundance in the soil as affected by applications of cow urine-N, DCD, 
and trampling. (a) In the presence of animal trampling (b) no animal trampling. The error bars 
represent standard errors of the mean. 
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0.004) lower average AOB amoA transcript abundance of 8.71x104 copies µg-1 RNA which was 
equivalent to a 93% reduction compared to the urine trampled treatment. The urine + DCD un-
trampled treatment also produced a significantly (p = 0.006) lower average AOB amoA transcript 
abundance of 8.32x104 copies µg-1 RNA which was equivalent to a 93% reduction compared to 
the urine un-trampled treatment (Tables 5.10 and 5.11). Trampling had no significant effect 
irrespective of whether DCD was applied or not (Table 5.11).  
 
 
Figure 5.12 AOB amoA transcript abundance in the soil as affected by application of cow urine-
N, DCD, and soil trampling at day 37. The error bars represent standard errors of the mean.   
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Table 5.10 Companion soil block AOB and AOA amoA transcript abundance results shown with 
log10 and back transformed (BT) means. 
 AOB activity 
(copies µg-1 RNA) 
% 
Reduction 
by DCD 
AOA activity 
(copies µg-1 RNA) 
Log10 AOB
 BT means - Log10 AOA
 BT means 
Control trampled 5.27 1.86x105 - 4.45 2.82x104 
Control un-trampled 5.10 1.26x105 - 4.41 2.57x104 
DCD trampled 4.73 5.37x104 - 4.18 1.51x104 
DCD un-trampled 4.75 5.62x104 - 4.25 1.78x104 
Urine trampled 6.09 1.23x106 - 3.88 7.59x103 
Urine + DCD trampled 4.94 8.71x104 93% 3.72 5.25x103 
Urine un-trampled 6..06 1.15x106 - 4.38 2.40x104 
Urine + DCD un-trampled 4.92 8.32x104 93% 4.03 1.07x104 
LSD 0.505 - - 0.669 - 
 
 
Table 5.11 ANOVA analysis of AOB and AOA amoA transcript abundance. 
 AOB activity AOA activity 
P value P value 
DCD effect trampled 0.004 NS 
DCD effect un-trampled 0.006 NS 
Trampling effect DCD NS NS 
Trampling effect no DCD NS NS 
 
5.3.10.2 AOA activity 
The average AOA amoA transcript abundance on day 37 is shown in Figure 5.13. The average 
AOA amoA transcript abundance ranged from 5.25x103 copies µg-1 RNA in the urine + DCD 
trampled treatment to 2.82x104 copies µg-1 RNA in the control treatment (Table 5.10). There 
were no significant differences in amoA transcript abundance across the treatments. Neither the 
addition of DCD nor trampling had any effect on the AOA amoA transcript abundance (Table 
5.11). 
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Figure 5.13 AOA amoA transcript abundance in the soil as affected by application of cow urine-
N, DCD, and soil trampling on day 37. The error bars represent standard errors of the mean.  
 
5.4 Discussion 
5.4.1 Nitrate leaching losses  
The lysimeters demonstrated that, at a urine application rate of 400 kg N ha-1, total NO3
--N 
leaching losses were significantly (p < 0.001) higher compared to no cow urine being deposited 
during dairy winter forage grazing. In addition, NO3
--N leaching losses from a 400 kg N ha-1 urine 
patch were significantly (p <0.001) less than 700 kg N ha-1 under dairy winter forage grazing 
conditions. This is similar to the finding of Chapter Four and Di and Cameron (2007), who found 
that, as N loading increased, NO3
--N leaching losses increased accordingly on grazed grassland. 
The addition of cow urine led to higher soil nitrification rates due to greater amounts of NH3 
being present in the soil. This is supported by higher soil NO3
--N concentrations, AOB amoA gene 
abundance, and AOB amoA transcript abundance present in the urine only treatments within 
the companion soil blocks.  
 
5.4.2 The roles AOB and AOA  
This study confirms the findings reported in Chapter Four, that AOB mediates the nitrification 
process under dairy winter forage grazing conditions. There was a clear and significant response 
by the AOB populations to the addition of cow urine with an increase in AOB amoA gene 
abundance by 7-fold when the soil was trampled and by 9-fold when the soil was un-trampled 
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observed following the addition of cow urine (Figure 5.12). The dominant AOB population 
0.00E+00 
5.00E+03 
1.00E+04 
1.50E+04 
2.00E+04 
2.50E+04 
3.00E+04 
3.50E+04 
4.00E+04 
4.50E+04 
5.00E+04 
A
O
A
 R
N
A
 
(c
o
p
ie
s 
u
g-
1
 R
N
A
) 
Treatments 
123 
 
resulted from high nitrification rates (Kowalchuk & Stephen 2001; Di et al. 2010) thus leading to 
higher amounts of NO3
--N leached in the urine treatments. 
 
The current study showed that the application of cow urine did not enhance the growth of AOA 
(Figure 5.11). In fact, the application of cow urine inhibited the AOA growth thus suppressing the 
AOA amoA gene abundance. This suggests that AOA did not grow in response to the addition of 
NH3 from urine. It has previously been hypothesised that AOA prefer different growing 
conditions compared to AOB, including soil N concentrations (Di et al. 2010). This finding is 
similar to Parfitt et al. (2012) who suggested that AOA growth was suppressed by high levels of 
NH3 in the soil. Di et al. (2009b) and Di et al. (2010) also noticed that AOA growth was more 
prolific in a soil’s subsoil where it was less fertile.   
 
Unlike in Chapter Four, this current study identified a significantly (p < 0.001) greater AOB 
abundance compared to that of the AOA abundance. This finding is in contrast to those of 
Leininger et al. (2006) and He et al. (2007) who state that AOA was the numerically dominant 
ammonia oxidiser in a soil. This difference in ammonia oxidisers’ abundance was most likely due 
to the high N loading in the current study which is the preferred growing conditions for AOB 
rather than AOA.  
 
5.4.3 Effect of trampling 
The current study showed trampling the soil significantly (p < 0.05) decreased the total amount 
of NO3
--N leached from the lysimeters. When DCD was present a 61% reduction resulted and 
when DCD was not present a 34% reduction occurred (Figure 5.4). These reductions resulted 
from changes in soil physical properties, including air permeability and soil porosity (Drewry & 
Paton 2005; Ball et al. 2012) and thus the rate of nitrification decreased. Optimum conditions for 
nitrification were removed due to a reduction in airflow through the soil thus decreasing soil 
aeration and increasing water-filled pore space. These conditions are optimum for denitrification 
as they are favourable for denitrifying microbes (de Klein & Eckard 2008; Jetten 2008; Cameron 
et al. 2013) therefore denitrification may have increased following trampling. In addition, 
anaerobic soil conditions are less favourable to ammonia oxidisers thus decrease the rate of 
nitrification and remove NO3
- from the soil solution before it has the chance to be leached from 
the soil. However, in the companion soil blocks, trampling the soil did not significantly impact 
either the AOB or AOA populations compared to the un-trampled soils.  
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The total amount of drainage however was not affected by trampling. Thus the reductions in 
NO3
--N leaching losses were not due to changes in the amount of drainage. This is unexpected 
because trampling the soil impacts infiltration rates and hydraulic conductivity (Singleton et al. 
2000; Bilotta et al. 2007) thus decreasing drainage rates (Mulholland & Fullen 1991; Bilotta et al. 
2007).  
 
The results suggest that trampling also had an effect on the effectiveness of DCD in reducing 
NO3
--N leaching in the lysimeter trial (Tables 5.3 and 5.4). However, the DCD effectiveness was 
not reduced by the trampling of the soil. Rather, trampling the soil resulted in anaerobic 
conditions thus slowing down the nitrification rate even without the presence of DCD.  
 
5.4.4 Effect of DCD  
The lysimeters demonstrated that DCD was successful at reducing NO3
--N leaching under wet, 
cold, and draining soil conditions due to a reduction in soil nitrification rates. DCD significantly (p 
< 0.05) reduced total NO3
--N leaching losses by 61% in the trampled soil (Figure 5.4a) and by 40% 
in the un-trampled soil (Figure 5.4b). This is similar to previous work on NO3
- leaching under 
several agricultural systems (Williamson et al. 1996; Di & Cameron 2002b, 2004a; Di et al. 2009a; 
Moir et al. 2010). These results support the findings reported in Chapter Four and the use of 
DCD as a mitigation tool to reduce NO3
- leaching from dairy winter forage grazing systems.  
 
The results suggest that DCD was not effective in reducing the soil NO3
--N concentration (Figure 
5.8a, b, and Table 5.7). However, this was because NO3
- is mobile and therefore is more 
vulnerable to leaching through the soil layer, thus complicating the DCD effect on soil NO3
--N 
concentrations. The soil NH4
+-N concentrations were significantly affected by the application of 
DCD when the soil was trampled (Figure 5.7) and the AOB abundance and activity results 
(Figures 5.10 and 5.12) clearly showed a significant inhibition of their growth by the application 
of DCD.   
 
5.5 Conclusions  
The loss of NO3
--N through leaching from a cow urine patch (400 kg N ha-1) deposited during 
dairy winter forage grazing was significant. However, these losses were considerably less than 
when urine was deposited at 700 kg N ha-1 (Chapter Four). In comparison, the application of DCD 
significantly reduced the amount of NO3
--N leached. This supports the idea that DCD is a suitable 
mitigation tool against NO3
- leaching under dairy winter grazing forage conditions. In addition, 
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the trampling of the soil decreased the amount of NO3
--N lost through leaching due to complete 
denitrification. The companion soil blocks showed that the AOB population was more abundant 
than the AOA population and was responsible for mediating the nitrification process. Thus, it is 
AOB inhibition on dairy winter forage grazing systems that will decrease soil NO3
--N 
concentration and NO3
--N leaching losses. 
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Chapter 6 The Effect of Cow Urine, DCD, and Biochar on 
Nitrification Rate and Ammonia Oxidising Populations 
under Dairy Winter Forage Grazing Conditions: An 
Incubation Study 
 
6.1 Introduction 
The previous two Chapters have quantified NO3
--N leaching losses, soil nitrification rates, and 
ammonia oxidising populations from cow urine patches deposited during dairy winter forage 
grazing. However, there are a number of limitations with field studies such as: less control over 
variables (e.g. rainfall and temperature), difficulty in achieving true replication because of 
varying conditions, and cost. The use of an incubation study can eliminate some of the field 
variability and provide a dataset from well-controlled conditions which allows the determination 
of the treatment effect without the complications of field variability. 
 
The aims of this incubation study were to improve our knowledge and understanding on the 
effect that: i) cow urine application rate, ii) DCD application rate, and iii) biochar has on the 
nitrification rates and the abundance and activity of ammonia oxidising populations under 
simulated optimum dairy winter forage grazing conditions.  
 
6.2 Materials and methods 
6.2.1 Trial setup 
Balmoral stony silt loam was collected from the top 10 cm of the soil profile at Lincoln University 
Ashley Dene Farm (43o 39’ 2” S; 172o 19’ 45” E). At the time of collection, the soil was sieved 
through a 5 mm sieve. A subsample of soil was taken to measure the field capacity (Section 
3.4.3) and moisture content of the soil (Section 3.4.5). The soil was then stored at 4oC until use. 
 
Trial setup began on January 20th 2012 with treatments being assigned randomly (Table 6.1). 
Polypropylene plastic honey pots (‘pottles’) which had a volume of 1000 ml were filled with 500 
g of soil (dry weight). Following the protocols outlined in Section 3.4.2, soil was added to each 
pottle and biochar was added to the pottles that required it. The pottles were then placed into 
an incubator set at 10oC for one week for pre-incubation. The moisture content over this time 
was maintained at field capacity by adding deionised water to the individual pottles by weight.  
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Table 6.1 Treatments applied to the soil. 
Treatment Urine 
(kg N ha-1) 
DCD 
(kg DCD ha-1) 
Biochar 
(tonnes biochar ha-1) 
Control 0 0 0 
DCD 0 20 0 
Urine 500 500 0 0 
Urine 700 700 0 0 
Urine 500 + DCD 10 500 10 0 
Urine 500 + DCD 20 500 20 0 
Urine 700 + DCD 10 700 10 0 
Urine 700 + DCD 20 700 20 0 
Urine + biochar 700 0 1.75 
Urine + DCD + biochar 700 20 1.75 
 
6.2.2 Treatment application and sample analysis  
After pre-incubation (January 31st 2012), the urine and DCD treatments were applied to the 
pottles. Dairy cow urine was collected from grass-fed cows and 42 ml (700 kg N ha-1) or 30 ml 
(500 kg N ha-1) was poured evenly over the soil surface. After urine application, 5 ml of DCD in 
solution with two concentrations (10 kg DCD ha-1 or 20 kg DCD ha-1) was applied to the relevant 
pottles using an auto-pipette (see Section 3.4.2).  
 
Subsamples of soil were collected on day 1, 7, 14, 21, 28, 42, 56, 70, 86, and 112 after treatment 
application. Following the protocols outlined in Section 3.4.4, each soil sample was analysed for 
soil NO3
--N and NH4
+-N concentrations while the samples that had DCD as a treatment were also 
analysed for DCD concentrations. The soil extracts were analysed for NO3
--N and NH4
+-N using 
FIA (Tecator Inc., Sweden) and for DCD using HPLC (Shimadzu, Japan) (Section 3.4.6). 
 
6.2.3 Soil AOB and AOA assays 
Subsamples of soil were collected on day 1, 7, 14, 21, 28, 42, 56, 70, 86, and 112 to measure the 
population abundance of AOB and AOA by targeting the functional amoA gene using real-time 
qPCR. All fresh soil samples were stored at -80oC before DNA extraction and analysis.  
 
DNA was extracted from 0.4 g frozen soil using a MO BIOTM PowerSoil® DNA Isolation Kit (MO 
BIO Laboratories, GeneWorks Pty Ltd, South Australia, Australia) according to the 
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manufacturer’s instructions as outlined in Section 3.2.10.1. After the extraction process, the 
samples of DNA were stored at -20oC before analysis. 
 
On day 56 after treatment application, a 1 g sample of soil was collected for RNA analysis, to 
determine microbial activity. The soil was stored at -80oC until use. RNA was extracted using the 
MO BIOTM RNA PowerSoil® Total RNA Isolation Kit (MO BIO Laboratories, GeneWorks Pty Ltd, 
South Australia, Australia), following the manufacturer’s instructions as outlined in Section 
3.2.11.1. To remove residual amounts of genomic DNA, the extracted RNA samples were treated 
with the TURBO DNA-free Kit (Ambion®, Life Technologies, Auckland, New Zealand) (Section 
3.2.11.2). cDNA was produced using Superscript III reverse transcriptase (RT) (Life Technologies, 
Auckland, New Zealand) (Section 3.2.11.3). RNA analysis was only done on samples from a single 
sampling date and not on other samples due to resource constraints. 
 
Real-time qPCRs were performed using the protocols outlined in Section 3.2.10.2. 
 
6.2.4 Statistical analysis 
A regression analysis was performed on the ammonium oxidation rate versus the incubation 
period. The following first order degradation equation (Equation 6.1) was used to describe the 
ammonium oxidation within the soil: 
 
                                                                      Equation 6.1  
 
Where y is the ammonium concentration within the soil (mg NH4
+-N kg-1 soil), t is the period of 
incubation (days), k is the ammonium oxidation rate constant, and a is a constant. The 
ammonium oxidation rate constants and half-lives were estimated based on the regression. 
 
Mean values and standard errors of the means for NO3
--N concentrations, DCD concentrations, 
and ammonia oxidiser populations were calculated based on the four replicates for each 
treatment using Microsoft Excel 2010 (Microsoft Corporation, USA). Two different factorial 
designs were used, the first a 2 x 3 design, and the second 2 x 2 + 1 design. P-values, main 
effects, and interactions were calculated following analysis of variance (ANOVA) using Genstat© 
(Version 15.1, VSN International Ltd, U.K.).  
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6.3 Results 
6.3.1 Soil ammonium-N and nitrate-N concentrations 
6.3.1.1 Soil ammonium-N concentrations 
Comparison between urine only treatments 
The application of cow urine to the soil increased the NH4
+-N concentration in the soil (Figure 
6.1). The two urine only treatments initially had high NH4
+-N concentrations which gradually 
decreased over the study period. The urine 500 kg N ha-1 treatment had a mean total NH4
+-N 
concentration of 132 mg NH4
+-N kg-1 dry soil. In comparison, the urine 700 kg N ha-1 treatment 
had a mean total NH4
+-N concentration of 269 mg NH4
+-N kg-1 dry soil (Table 6.2). Conversely, 
the control treatment had a considerably lower mean total NH4
+-N concentration of 5 mg NH4
+-N 
kg-1 dry soil.  
 
The main effect of urine was statistically significant (p < 0.001) when comparing the two 
different urine application rates (Table 6.3).   
 
 
Figure 6.1 Ammonium-N concentrations in the soil treated with 500 kg N ha-1 and 700 kg N ha-1 
of cow urine-N. The error bars indicate the standard error of the mean. 
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Comparison between urine and urine + DCD treatments 
The addition of DCD as well as urine resulted in a reduction in the soil nitrification rates over the 
study period and thus high soil NH4
+-N concentrations for the duration of the study, compared to 
the urine only treatments (Figures 6.2a and b). The urine 500 + DCD 10 treatment had a mean 
total NH4
+-N concentration of 468 mg NH4
+-N kg-1 dry soil, while the urine 500 + DCD 20 
treatment had a similar mean total NH4
+-N concentration at 457 mg NH4
+-N kg-1 dry soil (Table 
6.2). In contrast, at the higher urine application rate, the urine 700 + DCD 10 treatment had a 
mean total NH4
+-N concentration of 646 mg NH4
+-N kg-1 dry soil, while the urine 700 + DCD 20 
treatment had a significantly (p = 0.032) higher mean total NH4
+-N concentration of 676 mg 
NH4
+-N kg-1 dry soil (Table 6.2).  
 
The main effect of DCD was statistically significant (p < 0.001) when comparing no DCD to DCD 
(Table 6.3). However, no statistical difference was observed between the two different DCD 
application rates. Conversely, a significant (p < 0.001) interaction between urine application rate 
and DCD was identified (Table 6.3). 
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Figure 6.2 Ammonium-N concentrations in the soil treated with (a) 500 kg N ha-1 of cow urine-
N and two different DCD concentrations and (b) 700 kg N ha-1 of cow urine-N and two different 
DCD concentrations. The error bars indicate the standard error of the mean. 
 
Comparison between urine, DCD, and biochar 
The urine only (700 kg N ha-1) and the urine + biochar treatments initially had high soil NH4
+-N 
concentrations that gradually decreased (Figure 6.3). In comparison, the urine + DCD (700 kg N 
ha-1 and 20 kg DCD ha-1) and urine + DCD + biochar treatments initially had high soil NH4
+-N 
concentrations which remained high for the duration of the study. The urine only treatment had 
a mean total NH4
+-N concentration of 257 mg NH4
+-N kg-1 dry soil (Table 6.4). Similarly the urine 
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was not statistically different compared to the urine only treatment. The urine + DCD and urine + 
DCD + biochar treatments had considerably higher mean total NH4
+-N concentrations of 676 mg 
NH4
+-N kg-1 dry soil and 646 mg NH4
+-N kg-1 dry soil respectively.  
 
The main effect of biochar significantly (p = 0.002) decreased the soil NH4
+-N concentration 
when comparing biochar being applied to no biochar (Table 6.5). Thus the application of biochar 
in addition to urine + DCD significantly (p = 0.005) decreased the effectiveness of DCD hence a 
decrease in NH4
+-N concentration resulted compared to the urine + DCD treatment. 
 
 
Figure 6.3 Ammonium-N concentrations in the soil treated with 700 kg N ha-1 cow urine-N, 
DCD applied at 20 kg DCD ha-1, and biochar. The error bars indicate the standard error of the 
mean. 
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Table 6.2 Soil ammonium-N and nitrate-N results shown with log10 and back transformed (BT) 
means for urine and DCD treatments. 
Treatment NH4
+-N concentration 
(mg NH4
+-N kg-1 dry soil) 
NO3
--N concentration 
(mg NO3
--N kg-1 dry soil) 
% Reduction 
by DCD 
Log10 NH4
+-N BT means Log10 NO3
--N BT means - 
Control 0.73 5 1.59 39 - 
DCD 20 1.36 23 1.53 34 - 
Urine 500 2.12 132 2.58 380 - 
Urine 500 + 
DCD 10 
2.67 468 1.72 52 86% 
Urine 500 + 
DCD 20 
2.66 457 1.58 38 90% 
Urine 700 2.43 269 2.60 398 - 
Urine 700 + 
DCD 10 
2.81 646 1.74 55 86% 
Urine 700 + 
DCD 20 
2.83 676 1.56 36 91% 
LSD (5%) 0.029 - 0.035 - - 
 
 
Table 6.3 ANOVA analysis significance of 2 x 3 factorial contrasts.  
 NH4
+-N concentration 
(mg NH4
+-N kg-1 dry soil) 
NO3
--N concentration 
(mg NO3
--N kg-1 dry soil) 
BT mean P value BT mean P value 
DCD main effect Nil = 191 < 0.001 Nil = 387 < 0.001 
10 = 550  10 = 53 
20 = 550  20 = 37 
Urine main effect  500 = 302 < 0.001 500 = 91 NS 
700 = 490 700 = 92 
DCD urine interaction - < 0.001 - NS 
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Table 6.4 Soil ammonium-N and nitrate-N results shown with log10 and back transformed (BT) 
means comparing urine applied at 700 kg N ha-1, DCD applied at 20 kg ha-1, and biochar.  
 
 
 Table 6.5 ANOVA analysis significance of 2 x 2 factorial contrasts. 
 
6.3.1.2 Ammonium oxidation rate 
A regression analysis of the data was performed by fitting first order degradation curves 
(Equation 6.1). The ammonium oxidation rate constants and half-lives are shown in Table 6.6. 
The application of the nitrification inhibitor DCD significantly (P = 0.006) decreased the 
ammonium oxidation rate constants and correspondingly increased the half-lives of NH4
+-N in 
the soils. The half-lives of NH4
+-N in the soils were significantly (P = 0.02) increased from 15 and 
29 days in the urine 500 and urine 700 treatments respectively to 1733 and 3465 days when DCD 
was applied (see Table 6.6). There were no significant differences in the ammonium oxidation 
rates or half-lives between the two DCD rates or when biochar was applied. 
  
Treatment NH4
+-N concentration 
(mg NH4
+-N kg-1 dry soil) 
NO3
--N concentration 
(mg NO3
--N kg-1 dry soil) 
% Reduction by 
DCD and/or 
biochar 
Log10 NH4
+-N BT means Log10 NO3
--N BT means - 
Control 0.73 5 1.59 39 - 
Urine 2.41 257 2.56 363 - 
Urine + DCD 2.83 676 1.56 36 90% 
Urine + biochar 2.36 229 2.62 417 NS 
Urine + DCD + biochar 2.81 646 1.72 52 86% 
LSD (5%) 0.027 - 0.062 - - 
 NH4
+-N concentration 
(mg NH4
+-N kg-1 dry soil) 
NO3
--N concentration 
(mg NO3
--N kg-1 dry soil) 
BT mean P value BT mean P value 
DCD main effect       DCD = 661 < 0.001          DCD = 44 < 0.001 
       Nil =  245            Nil = 389     
Biochar main effect Biochar = 380 0.002 Biochar = 148 < 0.001 
        Nil =  417           Nil = 115   
DCD biochar interaction - NS - 0.025 
135 
 
Table 6.6 Ammonium half-lives. 
Treatment K value Half-life 
(days) 
Urine 500 0.045 15 
Urine 700 0.024 29 
Urine 500 + DCD 10 0.0003 2310 
Urine 500 + DCD 20 0.0003 2310 
Urine 700 + DCD 10 0.0002 3465 
Urine 700 + DCD 20 0.0004 1733 
Urine + biochar 0.038 18 
Urine + DCD + biochar 0.0002 3465 
 
6.3.1.3 Soil nitrate-N concentrations 
Comparison between urine only treatments 
The application of cow urine to the soil increased the NO3
--N concentration within the soil. The 
two urine only treatments initially had low soil NO3
--N concentrations but increased rapidly 
between days 1 and 56 before plateauing until the end of the trial (Figure 6.4). No differences 
between the two treatments were observed until day 86 when the urine 700 treatment 
continued to increase while the urine 500 treatment began to decrease. The urine 500 
treatment had a mean total NO3
--N concentration of 380 mg NO3
--N kg-1 dry soil. In comparison, 
the urine 700 treatment had a mean total NO3
--N concentration of 398 mg NO3
--N kg-1 dry soil 
(Table 6.2). Conversely, the control treatment had a considerably lower mean total NO3
--N 
concentration of 39 mg NO3
--N kg-1 dry soil.  
 
The main effect of urine was not statistically significant when comparing the two different urine 
application rates (Table 6.3).   
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Figure 6.4 Nitrate-N concentrations in the soil treated with 500 kg N ha-1 and 700 kg N ha-1 of 
cow urine-N. The error bars indicate the standard error of the mean. 
 
Comparison between urine and urine + DCD treatments 
The application of DCD in addition to urine reduced the rate of nitrification thus lower soil     
NO3
--N concentrations resulted compared to the urine only treatment (Figures 6.5a and b). The 
urine 500 + DCD 10 treatment had a mean total NO3
--N concentration of 52 mg NO3
--N kg-1 dry 
soil, while the urine 500 + DCD 20 treatment had a mean total NO3
--N concentration of 38 mg 
NO3
--N kg-1 dry soil (Table 6.2). In contrast, at the higher urine application rate, the urine 700 + 
DCD 10 treatment had a mean total NO3
--N concentration of 55 mg NO3
--N kg-1 dry soil, while the 
urine 700 + DCD 20 treatment had a mean total NO3
--N concentration of 36 mg NO3
--N kg-1 dry 
soil (Table 6.2). The application of DCD resulted in significant (p < 0.001) reductions in soil NO3
--N 
concentration (86 - 91%) compared to the urine only treatments (Table 6.2).  
 
The main effect of DCD was statistically significant (p < 0.001) when comparing no DCD to DCD 
(Table 6.3). A significant (p < 0.001) difference in soil NO3
--N concentration between the two 
DCD application rates was identified.  
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Figure 6.5 Nitrate-N concentrations in the soil treated with (a) 500 kg N ha-1 of cow urine-N 
and two different DCD rates and (b) 700 kg N ha-1 of cow urine-N and two different DCD rates. 
The error bars indicate the standard error of the mean. 
 
Comparison between urine, DCD, and biochar 
The urine only (700 kg N ha-1) and the urine + biochar treatments initially had low soil NO3
--N 
concentrations before rapidly increasing between day 1 and 42 (Figure 6.6). In comparison, the 
urine + DCD (700 kg N ha-1 and 20 kg DCD ha-1) and urine + DCD + biochar treatments soil NO3
--N 
concentrations remained low for the duration of the study. The urine only and urine + biochar 
treatments had mean total NO3
--N concentrations of 363 mg NO3
--N kg-1 dry soil and 417 mg 
NO3
--N kg-1 dry soil respectively (Table 6.4). Little difference was observed between these 
treatments thus the application of biochar only was not significant different. In comparison, the 
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urine + DCD and urine + DCD + biochar treatments had considerably lower mean total NO3
--N 
concentrations of 36 mg NO3
--N kg-1 dry soil and 52 mg NO3
--N kg-1 dry soil respectively. These 
were significant (p < 0.001) reductions (90% and 86%) compared to the urine only treatment. 
 
The main effect of biochar was a statistically significant (p = < 0.001) increase in soil NO3
--N 
concentration when comparing biochar being applied to no biochar (Table 6.5). A significant (p = 
0.025) interaction between the biochar and DCD treatments was also observed (Table 6.5). 
 
 
Figure 6.6 Nitrate-N concentrations in the soil treated with 700 kg N ha-1 cow urine-N, DCD 
applied at 20 kg DCD ha-1, and biochar. The error bars indicate the standard error of the mean. 
 
6.3.2 Soil AOB and AOA abundance 
6.3.2.1 AOB abundance 
Overall, the total number of AOB amoA gene copies present within the soil was significantly (p < 
0.001) greater than the number of AOA amoA gene copies (Tables 6.7 and 6.9). 
 
Comparison between urine only treatments 
The application of cow urine stimulated AOB growth in the urine only treatments (Figure 6.7). 
Peak AOB amoA gene abundance occurred on day 21. At this time, AOB amoA gene abundances 
were 11.7 (urine 500) and 11.4 (urine 700) times the control. The urine 500 kg N ha-1 treatment 
had a mean AOB amoA gene copy number of 4.07x107 copies g-1 dry soil. In comparison, the 
urine 700 treatment had mean AOB amoA gene copy number of 3.89x107 copies g-1 dry soil 
(Table 6.7). There was no statistical difference between these two treatments. The control 
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treatment had a considerably lower mean AOB amoA gene copy number of 4.90x106 copies g-1 
dry soil.  
 
The main effect of urine on the AOB amoA gene abundance was statistically significant (p = 
0.035) when comparing the two different urine application rates (Table 6.8). 
 
 
Figure 6.7 The AOB abundance in the soil treated with 500 kg N ha-1 and 700 kg N ha-1 of cow 
urine-N. The error bars indicate the standard error of the mean. 
 
Comparison between urine and urine + DCD treatments 
The AOB amoA gene abundance for the urine only treatments increased rapidly, peaking on day 
21. No such peak was observed with the application of DCD (Figures 6.8a and b). The DCD 
treatments had similar AOB amoA gene abundances to that of the control treatment. The urine 
500 + DCD 10 treatment had a mean AOB amoA gene copy number of 4.37x106 copies g-1 dry 
soil, while the urine 500 + DCD 20 treatment had a mean AOB amoA gene copy number of 
4.47x106 copies g-1 dry soil (Table 6.7). There was no statistically significant difference between 
these treatments. In contrast, at the higher urine application rate, the urine 700 + DCD 10 
treatment had a mean AOB amoA gene copy number of 7.41x106 copies g-1 dry soil, while the 
urine 700 + DCD 20 treatment had a mean AOB amoA gene copy number of 5.13x106 copies g-1 
dry soil. The application of DCD resulted in significant (p < 0.001) reductions in the AOB amoA 
gene abundance (81 - 89%) compared to the urine only treatments (Table 6.7).  
 
0.00E+00 
1.00E+07 
2.00E+07 
3.00E+07 
4.00E+07 
5.00E+07 
6.00E+07 
7.00E+07 
8.00E+07 
9.00E+07 
1.00E+08 
0 20 40 60 80 100 120 
A
O
B
 a
m
o
A
 g
en
e 
co
p
y 
n
u
m
b
er
s 
 (
co
p
ie
s 
g-
1
 d
ry
 s
o
il)
 
Time (Days) 
Control Urine 700 Urine 500 
140 
 
The main effect of DCD on the AOB amoA gene abundance was statistically significant (p < 0.001) 
when comparing no DCD to DCD being applied (Table 6.8). However, no statistical difference was 
observed between the two DCD application rates. A significant (p = 0.05) interaction between 
urine and DCD was identified (Table 6.8).  
 
 
 
 
Figure 6.8 The AOB abundance in the soil treated with (a) 500 kg N ha-1 of cow urine-N and two 
different DCD concentrations and (b) 700 kg N ha-1 of cow urine-N and two different DCD 
concentrations. The error bars indicate the standard error of the mean. 
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Comparison between urine, DCD, and biochar 
The AOB amoA gene abundance for the urine only (700 kg N ha-1) and the urine + biochar 
treatments peaked on day 21 (Figure 6.9). On this day, the AOB amoA gene abundance was 11.4 
and 9.3 times the control respectively. In comparison, the urine + DCD (700 kg N ha-1 and 20 kg 
DCD ha-1) and urine + DCD + biochar treatments AOB amoA gene abundance remained low for 
the duration of the study. The urine only and urine + biochar treatments had similar mean AOB 
amoA gene copy numbers of 3.89x107 copies g-1 dry soil and 3.39x107 copies g-1 dry soil 
respectively (Table 6.9). Thus the urine + biochar treatment was not significantly different to the 
urine only treatment. In contrast, the urine + DCD and urine + DCD + biochar treatments had 
considerably lower mean AOB amoA gene copy numbers of 5.13x106 copies g-1 dry soil and 
7.08x106 copies g-1 dry soil respectively. The application of DCD with and without biochar 
significantly (p < 0.001) decreased the AOB abundance compared to the urine only treatment by 
82% and 87% respectively (Table 6.9).   
 
The main effect of biochar was not significant when comparing biochar being applied to no 
biochar (Table 6.10). However, there was a significant (p = 0.043) interaction between DCD and 
biochar (Table 6.10). 
 
 
Figure 6.9 The AOB abundance in the soil treated with 700 kg N ha-1 cow urine-N, DCD applied 
at 20 kg DCD ha-1, and biochar. The error bars indicate the standard error of the mean. 
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Table 6.7 Mean AOB and AOA amoA gene abundance results shown with log10 and back 
transformed (BT) means for urine and DCD treatments.   
Treatment AOB abundance 
(copies g-1 dry soil) 
% Reduction 
by DCD 
AOA abundance 
(copies g-1 dry soil) 
% Increase 
by DCD 
Log10 AOB
 BT means - Log10 AOA
 BT means - 
Control 6.69 4.90x106 - 6.58 3.80x106 - 
DCD 20 6.64 4.37x106 - 6.55 3.55x106 - 
Urine 500 7.61 4.07x107 - 6.58 3.80x106 - 
Urine 500 + 
DCD 10 
6.64 4.37x106 89% 6.51 3.24x106 NS 
Urine 500 + 
DCD 20 
6.65 4.47x106 89% 6.51 3.24x106 NS 
Urine 700 7.59 3.89x107 - 6.36 2.30x106 - 
Urine 700 + 
DCD 10 
6.87 7.41x106 81% 6.53 3.39x106 47% 
Urine 700 + 
DCD 20 
6.71 5.13x106 87% 6.53 3.39x106 47% 
LSD (5%) 0.141 - - 0.097 - - 
 
 
Table 6.8 ANOVA analysis significance of 2 x 3 factorial contrasts. 
 
  
 AOB abundance 
(copies g-1 dry soil) 
AOA abundance 
(copies g-1 dry soil) 
BT mean P value BT mean P value 
DCD main effect   Nil = 3.98x107 < 0.001    Nil = 2.95x106 NS 
  10 = 5.75x106    10 = 3.31x106 
  20 = 4.79x106    20 = 3.31x106 
Urine main effect 500 = 9.33x106 0.035 500 = 3.39x106 0.030 
700 = 1.15x107 700 = 2.95x106 
DCD urine interaction - 0.050 - 0.002 
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Table 6.9 Mean AOB and AOA amoA gene abundance results shown with log10 and back 
transformed (BT) means comparing urine applied at 700 kg N ha-1, DCD applied at 20 kg ha-1, 
and biochar. 
 
 
Table 6.10 ANOVA analysis significance of 2 x 2 factorial contrasts 
 
6.3.2.2 AOA abundance 
Comparison between urine only treatments 
Through the application of urine at 700 kg N ha-1, a significant (p = 0.002) decrease in the AOA 
amoA gene abundance was observed compared to no urine being applied to the soil (Figure 
6.10). However, the urine 500 treatment showed no statistically significant difference in the AOA 
amoA gene abundance compared to no urine being applied. The control treatment had a mean 
AOA amoA gene copy number of 3.80x106 copies g-1 dry soil and the urine 500 treatment had a 
Treatment AOB abundance 
(copies g-1 dry soil) 
% Reduction 
by DCD 
and/or 
biochar 
AOA abundance 
(copies g-1 dry soil) 
% Increase 
by DCD 
and/or 
biochar 
Log10 AOB
 BT means - Log10 AOA
 BT means - 
Control 6.69 4.90x106 - 6.58 3.80x106 - 
Urine 7.59 3.89x107 - 6.36 2.29x106 - 
Urine + DCD 6.71 5.13x106 87% 6.53 3.39x106 48% 
Urine + biochar 7.53 3.39x107 NS 6.42 2.63x106 NS 
Urine + DCD + 
biochar 
6.85 7.08x106 82% 6.54 3.47x106 52% 
LSD (5%) 0.132 - - 0.118 - - 
 AOB abundance 
(copies g-1 dry soil) 
AOA abundance 
(copies g-1 dry soil) 
BT mean P value BT mean P value 
DCD main effect      DCD = 6.03x106 < 0.001      DCD = 3.39x106 0.003 
        Nil = 3.63x107         Nil = 2.45x106 
Biochar main effect Biochar = 1.55x107 NS Biochar = 3.02x106 NS 
         Nil = 1.41x107          Nil = 2.76x106 
DCD biochar interaction - 0.043 - NS 
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mean AOA amoA gene copy number of 3.80x106 copies g-1 dry soil. In comparison the urine 700 
treatment had a mean AOA amoA gene copy number of 2.30x106 copies g-1 dry soil (Table 6.7).  
The main effect of urine was statistically significant (p = 0.030) when comparing the two 
different urine application rates (Table 6.8).  
 
 
Figure 6.10 The AOA abundance in the soil treated with 500 kg N ha-1 and 700 kg N ha-1 of cow 
urine-N. The error bars indicate the standard error of the mean. 
 
Comparison between urine and urine + DCD treatments 
There were no significant differences in the AOA amoA gene abundance between the urine 500 
treatment and the urine 500 + DCD treatments (Figure 6.11a). In the urine 700 treatments the 
application of DCD (at 10 kg DCD ha-1 or 20 kg DCD ha-1) did not impact the AOA growth resulting 
in similar amoA gene abundances to that of the control. The urine 700 + DCD treatments had 
mean AOA amoA gene copy numbers of 3.39x106 copies g-1 dry soil (Table 6.7). In comparison, a 
DCD effect between the urine + DCD and urine 700 treatments was observed. The AOA amoA 
gene abundance in the urine 700 treatment was significantly (p < 0.05) reduced by 47% 
compared to the urine + DCD treatments and the control (Figure 6.11b).  
 
Irrespective of the urine application rate, the main effect of DCD was not significantly different 
(Table 6.8) and no statistical differences were observed between the two DCD application rates. 
However, a significant (p = 0.002) interaction between urine and DCD was identified (Table 6.8).  
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Figure 6.11 The AOA abundance in the soil treated with (a) 500 kg N ha-1 of cow urine-N and 
two different DCD concentrations and (b) 700 kg N ha-1 of cow urine-N and two different DCD 
concentrations. The error bars indicate the standard error of the mean. 
 
Comparison between urine, DCD, and biochar 
The application of cow urine alone significantly decreased the AOA amoA gene abundance in the 
urine only treatment by 48% (p = 0.025) compared to the urine + DCD treatment, and by 52% (p 
=0.011) compared to the urine + DCD + biochar treatment (Figure 6.12 and Table 6.9). The urine 
only and urine + biochar treatments had similar mean AOA amoA gene copy numbers of 
2.29x106 copies g-1 dry soil and 2.63x106 copies g-1 dry soil, respectively. In comparison, the urine 
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+ DCD and urine + DCD + biochar treatments had higher mean AOA amoA gene copy numbers of 
3.39x106 copies g-1 dry soil and 3.47x106 copies g-1 dry soil, respectively. 
 
The main effect of biochar was not significant when comparing biochar to no biochar (Table 
6.10). 
 
 
Figure 6.12 The AOA abundance in the soil treated with 700 kg N ha-1 cow urine-N, DCD 
applied at 20 kg DCD ha-1, and biochar. The error bars indicate the standard error of the mean. 
 
6.3.3 Soil AOB and AOA activity  
The application of cow urine stimulated AOB activity (amoA transcript abundance). On day 56, 
the amoA transcript abundance of the AOB was greatest in the urine 500, urine 700, and urine + 
biochar treatments compared to the remaining treatments (Figure 6.13a) ranging from 2.63x104 
copies ug-1 RNA in the urine 500 treatment to 4.37x104 copies ug-1 RNA in the urine + biochar 
treatment (Tables 6.11 and 6.13). The application of DCD significantly (p < 0.001) inhibited (99% 
on average) the AOB amoA transcript abundance (Tables 6.11 and 6.13).  
 
The main effect of DCD was statistically significant (p < 0.001) when comparing no DCD applied 
to DCD being applied (Table 6.12). This was the only statistically significant difference identified 
(Tables 6.12 and 6.14). 
 
Figure 6.13b clearly identifies a lack of response in AOA amoA transcript abundance following 
the application of cow urine, DCD, or biochar. No statistically significant differences were 
identified in AOA amoA transcript abundance (Tables 6.12 and 6.14).   
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Figure 6.13 amoA transcript abundance of ammonia oxidising population in the soil as affected 
by applications of cow urine-N, DCD, and biochar on day 56 of incubation (a) AOB (b) AOA. The 
error bars indicate the standard error of the mean. 
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Table 6.11 amoA transcript abundance for AOB and AOA shown with log10 and back 
transformed (BT) means for urine and DCD treatments on day 56. 
Treatment AOB activity 
(copies µg-1 RNA) 
DCD Effect AOA activity 
(copies µg-1 RNA) 
Log10 AOB
 BT means - Log10 AOA
 BT means 
Control 2.95 8.91x102 - 4.68 1.20x106 
DCD 20 2.69 4.90x102 - 3.61 4.07x103 
Urine 500 4.42 2.63x104 - 4.80 6.31x104 
Urine 500 + 
DCD 10 
1.96 9.12x101 -100% 5.11 1.29x105 
Urine 500 + 
DCD 20 
2.17 1.48x102 -99% 4.80 6.31x104 
Urine 700 4.60 3.98x104 - 4.60 3.98x104 
Urine 700 + 
DCD 10 
2.92 8.32x102 -98% 4.74 5.50x104 
Urine 700 + 
DCD 20 
2.22 1.66x102 -100% 4.41 2.57x104 
LSD (5%) 0.893 - - 1.241 - 
 
 
Table 6.12 ANOVA analysis significance of 2 x 3 factorial contrasts. 
 
  
 AOB activity 
(copies µg-1 RNA) 
AOA activity 
(copies µg-1 RNA) 
BT mean P value BT mean P value 
DCD main effect   Nil = 3.24x104 < 0.001    Nil = 5.01x104 NS 
  10 = 2.75x102    10 = 8.51x104 
  20 = 1.58x102    20 = 4.07x104 
Urine main effect 500 = 7.08x102 NS 500 = 7.94x104 NS 
700 = 1.78x103 700 = 3.89x104 
DCD urine interaction - NS - NS 
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Table 6.13 amoA transcript abundance for AOB and AOA shown with log10 and back 
transformed (BT) means on day 56 comparing urine applied at 700 kg N ha-1, DCD applied at 20 
kg DCD ha-1, and biochar. 
 
  
Table 6.14 ANOVA analysis significance of 2 x 2 factorial contrasts. 
 
6.3.4 Relationships between nitrification rates and AOB and AOA populations 
A significant quantitative relationship between the nitrification rate and the AOB amoA gene 
copy number was identified (Figure 6.14a): Y = 1.904x + 14.346, R2 = 0.9836, and p < 0.001. 
Where y is the NO3
--N concentration and x is the AOB amoA gene copy number. No such 
relationship was found between the nitrification rate and the AOA amoA gene copy number 
(Figure 6.14b): R2 = 0.0051. 
Treatment AOB activity 
copies µg-1 RNA 
DCD and 
biochar effect 
AOA activity 
copies µg-1 RNA 
Log10 AOB
 BT means - Log10 AOB
 BT means 
Control 2.95 8.91x102 - 6.08 1.20x106 
Urine 4.60 3.98x104 - 4.60 3.98x104 
Urine +DCD 2.29 1.95x102 -100% 4.41 2.57x104 
Urine + biochar 4.64 4.37x104 NS 5.10 1.26x105 
Urine + DCD + biochar 2.86 7.24x102 -98% 4.99 9.77x104 
LSD (5%) 1.111 - - 1.558 - 
 AOB activity 
(copies µg-1 RNA) 
AOA activity 
(copies µg-1 RNA) 
mean P value mean P value 
DCD main effect      DCD = 4.17x104 < 0.001      DCD = 5.01x104 NS 
        Nil = 3.72x102         Nil = 7.08x104 
Biochar main effect Biochar = 5.62x103 NS Biochar = 1.10x105 NS 
         Nil = 2.82x103          Nil = 3.24x104 
DCD biochar interaction - NS - NS 
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Figure 6.14 Relationships between the amount of NO3
--N produced and (a) AOB and (b) AOA 
amoA gene copy numbers after 56 days of an incubation study (when treatment effects were 
at their maximum in a majority of the treatments). 
 
6.4 Discussion 
6.4.1 Effect of cow urine application rate 
The incubation study has demonstrated that the higher urine application rate of 700 kg N ha-1 
significantly increased the main effects for the soil NH4
+-N concentration (p < 0.001) and AOB 
abundance (p = 0.035) compared to urine being applied at 500 kg N ha-1. However, it significantly 
(p = 0.03) decreased the main effect of the AOA abundance and there was no statistical 
difference in soil NO3
--N concentrations. 
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As the cow urine-N concentration increases it directly impacts on the nitrification rate due to 
there being a greater amount of NH3 in the soil. Increasing the rate of nitrification subsequently 
increases the AOB amoA gene abundance in response to the greater amount of NH3 present. The 
main effect of NH4
+-N concentration increased by 38% and the main effect of the AOB amoA 
gene abundance increased by 19% when cow urine was applied at 700 kg N ha-1 compared to 
500 kg N ha-1. Subsequently, higher cow urine-N concentrations could potentially increase     
NO3
--N leaching losses. Di and Cameron (2007) supports the idea of an increasing urine-N 
concentration increases NO3
--N leaching losses. They reported that there was a significant 
difference in NO3
--N leaching losses when animal urine-N application rate increased from 300 kg 
N ha-1 to 700 kg N ha-1 to 1000 kg N ha-1 due to increasing nitrification rates. 
 
However, there was no significant difference observed between the main effect NO3
--N 
concentration between urine applied at 700 kg N ha-1 compared to 500 kg N ha-1. Conversely, by 
day 112, a significant difference in soil NO3
--N concentration occurred as the result of different 
nitrification rates (Figure 6.4). The nitrification rate for the urine 500 treatment had decreased 
by this time as the result of low NH4
+-N levels, thus low soil NO3
--N concentrations resulted. The 
urine 700 treatment still had sufficient NH4
+-N for nitrification, thus higher soil NO3
--N resulted. If 
the trial continued for a longer period of time there would have likely been a difference in peak 
NO3
--N concentrations between the two urine application rates, thus further supporting the idea 
that higher cow urine-N rates increase NO3
- leaching losses.  
 
6.4.2 The roles AOB and AOA  
This study confirms the findings reported in Chapters Four and Five - that AOB mediated the 
nitrification process under dairy winter forage grazing conditions. When cow urine was applied 
to the soil significant AOB population growth followed. The urine application rates of 500 kg N 
ha-1 and 700 kg N ha-1 caused the AOB amoA gene abundance to increase by 8.1-fold and        
7.8-fold respectively (Figures 6.7). Similarly, on day 56, a significant increase in AOB amoA 
transcript abundance was observed when cow urine was applied to the soil (Figure 6.13a). These 
findings are similar to that of Di et al. (2009b) who showed that AOB mediated nitrification 
under high N loading. The greater AOB population growth resulted from higher nitrification rates 
(Kowalchuk & Stephen 2001; Di et al. 2010) which was a direct response to the addition of urine 
that produced NH3. The treatments with DCD present had lower AOB populations due to DCD 
inhibiting AOB growth (Amberger 1989; McCarty & Bremner 1989; Di et al. 2009a). A significant 
(p < 0.001) positive relationship was determined between the AOB population and soil 
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nitrification rates (Figure 6.14a), thus further supporting the link between AOB populations and 
soil nitrification rates under high N loading. 
 
In contrast, no relationship was identified between the AOA population and soil nitrification 
rates (Figure 6.14b), suggesting that AOA are not related to the rate of nitrification under dairy 
winter forage grazing conditions. Conversely, a significant (p = 0.002) decrease in AOA 
population growth was observed when cow urine at 700 kg N ha-1 was applied to the soil 
compared to no urine being applied (Figure 6.10). This is in agreement with previous studies (Di 
et al. 2009b; Jia & Conrad 2009; Di et al. 2010). In addition, the application of urine at 700 kg N 
ha-1 showed a significant (p = 0.030) reduction in AOA abundance compared to the lower urine 
application rate of 500 kg N ha-1 (Figure 6.10), suggesting that a higher application rate of cow 
urine-N suppresses the growth of AOA. Di et al. (2009b) and Di et al. (2010) previously suggested 
that AOA population growth was inhibited as the soil NH3 concentration increased. From this, Di 
et al. (2010) hypothesised that AOA prefer different growing conditions to that of AOB - with 
AOB preferring high NH3 substrate conditions while AOA prefer lower NH3 substrate conditions.  
 
The current study also identified a significantly (p < 0.001) greater AOB abundance compared to 
the AOA abundance. This finding supports the results of Chapter Five. However, it is in contrast 
to the findings of Leininger et al. (2006) and He et al. (2007) who reported that AOA was the 
numerically dominant ammonia oxidiser. This difference in ammonia oxidiser abundance was 
most likely due to the high N loading in the current study which is the preferred growing 
conditions for AOB rather than AOA.  
 
6.4.3 Effect of DCD 
The incubation study confirms that the use of DCD effectively reduced NO3
- accumulation within 
a soil by inhibiting nitrification under simulated dairy winter forage grazing conditions. This is 
similar to that of pervious work under several agricultural systems (Williamson et al. 1996; Di & 
Cameron 2002b, 2004a; Di et al. 2009a; Moir et al. 2010) and the findings in Chapters Four and 
Five. The application of DCD was highly effective in inhibiting the growth and activity of AOB 
populations and therefore reduced the rate of nitrification (Figures 6.8a, b, and 6.13a). This led 
to a significant (p < 0.001) reduction in the soil NO3
--N concentration for the duration of the 
study (Figures 6.5a and b).  
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It has previously been determined that environmental factors and DCD movement through the 
soil profile affect the effectiveness of DCD (Amberger 1989; McCarty & Bremner 1989; Kelliher et 
al. 2008; Shi et al. 2011; Shepherd et al. 2012a). With a soil temperature of 10oC, this incubation 
study has shown that DCD can remain in the soil and be effective for the 112 days. The soils on 
dairy winter grazing forage systems are wet and anaerobic, in addition to having a low soil 
temperature, which could possibly slow down the rate of DCD degradation, increasing the 
effectiveness of DCD. However, leaching can also remove DCD from the soil thus decreasing its 
effectiveness. 
 
The incubation study showed that both DCD application rates of 10 kg DCD ha-1 and 20 kg DCD 
ha-1 were effective in reducing soil nitrification rates under high N loading by significantly (p < 
0.001) reducing the NO3
--N concentrations, AOB amoA gene abundance, and AOB amoA 
transcript abundance. This is similar to that of Di and Cameron (2004b) who showed that the 
DCD application rates of 7.5 kg DCD ha-1 and 15 kg DCD ha-1 inhibited the rate of nitrification. 
This study went on to show that except for the soil NO3
--N concentration (p < 0.001) there were 
no statistical differences between the two DCD application rates. Since NO3
- concentration is the 
most important parameter affecting NO3
- leaching, it should be recommended to farmers that 
one 20 kg DCD ha-1 application of DCD be applied to dairy winter forage soil to maximise the 
environmental benefits of deceasing NO3
- leaching. However, more research is required on the 
effect of different application rates to verify the results. 
 
6.4.4 The use of biochar 
Biochar did not mitigate NO3
--N accumulation in the soil, supporting the conclusions of Chapter 
Four. However, due to biochar having the ability to enhance NH3, NH4
+, and NO3
- retention, 
biochar has previously shown to reduce soil NO3
- concentrations (Steiner et al. 2008; Knowles et 
al. 2011; Dempster et al. 2012a; Yao et al. 2012). Thus, why has the current study shown no 
reductions in soil NO3
--N concentrations with the addition of biochar? One reason could be the 
rate at which the biochar was applied. In the current study, the application rate of biochar was 
at 1.75 tonnes biochar ha-1. This is low compared to the application rates of 25 tonnes biochar 
ha-1 and 100 tonnes biochar ha-1 used by Dempster et al. (2012a) and Knowles et al. (2011) who 
identified biochar reduced NO3
--N leaching. The biochar was applied at a lower rate in the 
current study for economic reasons, as high rates of application may be too costly and 
impractical for commercial use. 
 
154 
 
In addition to the application rate of biochar affecting NO3
- leaching losses, a pyrolysis 
temperature above 600oC has been determined to impact on biochar’s ability to adsorb NO3
- and 
subsequently reduce NO3
--N leaching (Dempster et al. 2012a; Yao et al. 2012; Clough et al. 
2013). Thus, due to the pyrolysis temperature being 550oC in the current study, it is unlikely that 
biochar adsorption of NO3
- occurred.  
 
Unlike Chapter Four, where biochar was applied to the soil’s surface, the biochar was mixed into 
the soil in the incubation study. Biochar was mixed into the soil as this method was shown to be 
most effective at reducing NO3
--N leaching (Knowles et al. 2011; Dempster et al. 2012a). 
However, Dempster et al. (2012a) and the current study had different initial biochar materials. 
Dempster et al. (2012a) used Jarrah wood (Eucalyptus marginata) pyrolysed at 600oC whereas 
the current study used Pinus radiata pyrolysed at 550oC. However, it is unlikely that this 
difference in source material could account for the NO3
--N accumulation differences as Knowles 
et al. (2011) also used Pinus radiata yet reported similar results to Dempster et al. (2012a). 
Therefore, the effect of biochar on NO3
- accumulation in soil may vary depending on the rates of 
application and possibly other conditions.  
 
6.5 Conclusions 
The higher cow urine application rate of 700 kg N ha-1 resulted in a greater nitrification rate 
compared to the application rate of 500 kg N ha-1. The application of DCD at either 10 kg DCD  
ha-1 or 20 kg DCD ha-1 significantly reduced the nitrification rate thus making DCD a suitable 
mitigation tool against NO3
- leaching under dairy winter forage conditions. However, biochar at 
the rate used in this study was not effective in reducing the rate of nitrification under the same 
conditions. The AOB population was more abundant than the AOA population and was the 
dominant ammonia oxidiser. Thus, when DCD is applied it is the inhibition of AOB that decreases 
soil NO3
--N concentrations under dairy winter forage grazing condition. 
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Chapter 7 Conclusions  
 
7.1 Introduction 
A review of the literature identified clear gaps in the research regarding NO3
- leaching losses and 
mitigation on dairy winter forage grazing systems. The research described in this thesis has 
addressed these knowledge gaps. 
   
7.1.1 Cow urine application rate 
The lysimeters showed that, under dairy winter forage grazing conditions, NO3
--N leaching losses 
from cow urine patches significantly increased total NO3
--N leaching losses compared to when 
urine was not present. In addition, the lower urine application rate of 400 kg N ha-1 resulted in 
significantly lower NO3
--N leaching losses compared to urine applied at 700 kg N ha-1. Annual     
NO3
--N leaching losses from a 400 kg N ha-1 urine deposition averaged at 168 kg N ha-1. In 
contrast, a 700 kg N ha-1 urine deposition had an average annual NO3
--N leaching loss of 379 kg N 
ha-1. Increased NO3
--N leaching losses in response to increasing urine-N concentrations is similar 
to the results reported in Di and Cameron (2007). In the companion soil blocks, soil NO3
--N 
accumulation was also lower when the urine-N concentration was lower. At a urine application 
rate of 400 kg N ha-1, soil NO3
--N concentrations averaged at 35 mg N kg-1 dry soil compared to 
85 mg N kg-1 dry soil when the urine application rate was 700 kg N ha-1.    
 
7.1.2 The effect of soil treading damage 
In the second lysimeter study (Chapter Five), intensive treading damage to the soil resulted in 
peak NO3
--N concentrations being reduced by 43 - 71%. The total NO3
--N leached was also 
affected by soil treading damage, reducing by 34 - 61%. These reductions are most likely due to 
anaerobic soil conditions leading to enhanced denitrification rates. Even though severe treading 
damage reduced NO3
- leaching losses there are also other implications of treading damage e.g. 
severe degradation to the pasture/soil system. 
 
7.1.3 The effect of DCD 
The application of the nitrification inhibitor DCD in addition to urine has been shown to inhibit 
nitrification rates. In the lysimeter studies, DCD reduced total NO3
--N leaching losses by 38 - 61% 
under dairy winter forage grazing conditions. In the companion soil blocks and incubation study, 
the application of DCD (at either 10 kg DCD ha-1 or 10 kg DCD ha-1) reduced NO3
--N 
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concentrations in the soil by an average of 73%. In addition, DCD reduced both the AOB 
abundance the AOB amoA transcription abundance by an average of 82%. The use of DCD is a 
promising tool to reduce soil nitrification rates and therefore NO3
- leaching losses under dairy 
winter forage grazing conditions. Using DCD under these conditions will help farmers to meet N 
loading targets by reducing peak NO3
- concentrations and annual NO3
- leaching losses in 
drainage.      
 
7.1.4 The effect of biochar  
The first lysimeter study (Chapter Four) showed that NO3
--N leaching losses were not affected by 
the application of biochar. The first companion soil blocks and the incubation study (Chapters 
Four and Six) showed that there was no effect of biochar on soil NO3
--N concentrations, AOB 
abundance, AOA abundance, and AOB amoA transcription abundance. Consequently, at the low 
biochar application rates used in this study, there is no evidence that biochar reduces the soil 
nitrification rate and/or NO3
--N leaching losses. Due to the current costs associated with biochar, 
a higher application rate may not economically sustainable. 
 
7.1.5 The effect of DCD + biochar 
The first lysimeter study (Chapter Four) showed the application of DCD + biochar in combination 
reduced NO3
--N leaching losses by 47%. The first companion soil blocks and incubation study 
(Chapters Four and Six) showed that DCD + biochar reduced the NO3
--N accumulation in the soil 
by an average of 73%, reduced AOB abundance by an average of 65%, and reduced AOB amoA 
transcription abundance by an average of 49%. The reductions in NO3
--N leaching losses and soil 
nitrification rates were due to the presence of DCD rather than biochar or a combination of both 
DCD and biochar. 
    
7.1.6 Ammonia oxidising populations 
In the second companion soil blocks and the incubation study (Chapters Five and Six), AOB were 
found to be the dominant ammonia oxidiser in the soil. In all three microbial studies, due to high 
N loading under dairy winter forage grazing conditions, AOB played the dominant role in 
nitrification. Thus significant AOB growth resulted from the application of cow urine. This is 
similar to results reported by Di et al. (2009b). Chapters Five and Six showed the application of 
cow urine suppressed the AOA amoA gene abundance compared to when no cow urine was 
applied. 
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7.2 Overall conclusions 
 When cow urine was applied to the soil, NO3
--N leaching losses were significantly greater 
than when no cow urine was present. The NO3
--N leaching losses increased with 
increasing cow urine-N rate; 
 Trampling of the soil significantly reduced the NO3
--N leaching loss compared to when 
the soil was not trampled; 
 When DCD was applied at either 10 kg DCD ha-1 or 20 kg DCD ha-1, it was found to be an 
effective mitigation tool against NO3
- leaching. DCD reduced the soil nitrification rates 
and thus reduced the amount of NO3
--N lost from the soil; 
 Biochar was not effective in reducing the soil nitrification rate or the amount of NO3
--N 
lost from the soil at the application rate used in this study;   
 AOB had a significant role in the nitrification process by mediating nitrification under 
these high N input conditions present in cow urine patches; and 
 AOA populations were found to have no relationship to nitrification rates or NO3
--N 
leaching losses under these high N input conditions present in animal urine patches.  
 
7.3 Recommendations for future research 
From the outcomes of this current work, a number of ideas and opportunities have arisen for 
future study.  
 
7.3.1 Nitrate leaching losses on winter forage grazing systems 
 This research programme quantified the NO3
--N leaching losses from a single urine patch 
under dairy winter forage grazing conditions. However, future research is required to 
determine the impact dairy winter forage grazing has on NO3
- leaching losses for the 
whole area under grazing. The area of a hectare covered by cow urine needs to be 
determined before NO3
--N leaching losses per hectare can be quantified. By quantifying 
NO3
- leaching at the hectare scale, it will make it easier to compare one grazing system 
to the next.  
 The current work studied NO3
- leaching losses under a typical winter rainfall pattern for 
the Canterbury region. However, each year the rainfall pattern can vary greatly, 
impacting on NO3
- leaching losses. From this, NO3
- leaching losses under extreme 
climatic conditions should be studied to get a more accurate picture on how much    
NO3
--N is lost during these periods.  
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 The current study focused on NO3
- leaching losses on one particular Canterbury soil 
which is commonly used for dairy winter forage grazing. Different soils respond 
differently to animal treading and other regions of New Zealand also graze dairy cows on 
forage crops during the winter period e.g. Southland and Otago. Therefore, future 
research is needed to determine the effect that different soil types have on NO3
- 
leaching losses under dairy winter forage grazing.   
 After the forage crop has been grazed the usual practice is to plant a cereal crop. One 
advantage of planting a second crop is that NO3
- within the soil can be utilised by the 
new crop. However, it is not clear which cereal crop removes the greatest amount of 
NO3
- from the soil.  
 
7.3.2 Mitigation 
 It is known that DCD breakdown is affected by the soil temperature. However, research 
should be conducted to determine the effect of other soil factors on the breakdown of 
DCD. Under winter grazing conditions the soil is known to be wet and anaerobic leading 
to low microbial activity. Do these anaerobic conditions impact on DCD breakdown? Is 
DCD leached from the soil profile at a greater rate compared to other grazing systems? 
 DCD is one of many nitrification inhibitors. Are any of the other nitrification inhibitors 
effective in reducing NO3
- leaching on dairy winter forage grazing systems?  
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